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I.  INTRODUCTION 

Concrete  differs  from  most  structural  materials  in  that  it  is  not 
manufactured  at  a  mill  or  plant  according  to  chemical  formulae 
under  the  observation  of  skilled  specialists  and  subject  to  rigid  in- 
spection, test,  and  such  control  as  to  produce  a  uniformly  homo- 
geneous product,  nor  is  the  process  of  manufacture  completed  in  a 
few  hours  or  days,  as  in  the  case  of  steel  products.  Furthermore, 
concrete  is  made  from  materials  obtained  from  many  sources 
differing  widely  in  characteristics  which  affect  its  quality.  The 
proportions  of  the  ingredients,  the  amount  of  water  used  in  mixing, 
the  thoroughness  of  mixing,  the  manner  of  placing,  the  atmos- 
pheric temperature  and  humidity,  exposure  to  sun,  rain,  and  wind, 
immersion  in  fresh  water,  sea  water,  or  other  natural  solutions,  all 
affect  the  quality  of  the  concrete. 

The  quality  of  structural  steel  can  be  determined  easily  and 
quickly  at  the  place  of  manufacture  and  the  strength  of  a  fabri- 
cated structure  is  readily  calculated.  The  physical  qualities  of  the 
metal  are  unchanged  during  erection,  provided  good  practice  in 
design  and  construction  have  been  followed,  and  the  strength  of 
the  completed  structure  is  directly  dependent  upon  the  strength 
of  the  steel  as  originally  determined. 
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In  most  cases  the  inspection  of  the  materials  which  are  used  to 
fabricate  concrete  is  confined  to  tests  of  the  cement,  although  the 
strength  of  a  structure  made  of  concrete  can  be  no  more  completely 
determined  by  inspection  of  the  cement  than  can  the  strength  of 
structural  steel  be  measured  by  an  analysis  of  the  iron  ore  from 
which  the  steel  is  to  be  made.  Concrete  made  with  cements  of 
standard  quality  but  with  different  aggregates  may,  in  one  case, 
have  considerable  strength  and,  in  another,  practically  no  strength. 
With  the  same  cements  and  aggregates  but  with  different  work- 
manship in  fabrication  one  concrete  may  have  several  hundred 
per  cent  greater  strength  than  another.  Concretes  which  are  per- 
mitted to  dry  permanently  from  the  time  of  mixing  will  never 
attain  the  strength  of  concretes  of  similar  mixture  which  are 
supplied  with  water  from  time  to  time  after  mixing. 

The  principal  requisites  for  a  concrete  aggregate  are  cleanliness, 
strength,  homogeneity  of  structure,  and  proper  gradation  of  par- 
ticles. The  relative  values  of  these  variables  are  difficult  to  deter- 
mine and  may  not  be  the  same  in  any  two  cases. 

The  coarse  aggregates  commonly  used  in  concretes  are  granites, 
trap  rocks,  gravels,  limestones,  sandstones,  slags,  and  coal  cinders. 
These  materials  differ  greatly  in  strength,  hardness,  porosity,  and 
available  gradation  of  size  of  particles.  In  any  single  type  of 
material  there  can  probably  be  found  as  great  a  range  in  quality  as 
is  commonly  found  between  any  two  of  the  above  types,  excepting 
possibly  cinders.  It  is  generally  considered  that  a  granite  is 
superior  to  a  limestone  as  a  concrete  aggregate,  but  the  range  of 
quality  among  granites  is  so  great  that  some  limestones  in  use  are 
superior  to  many  granites.  Specifications  for  concrete  materials 
sometimes  favor  a  limestone  in  preference  to  a  gravel,  due  to  the 
fact  that  gravel  is  usually  round  and  smooth  while  crushed  limestone 
is  more  angular  and  sharp,  which  are  qualities  that  are  supposed 
to  aid  in  the  production  of  a  stronger  concrete.  Although  this 
fact  has  not  been  demonstrated,  there  may  be  an  interlocking  of 
the  particles  of  the  angular  material  which  would  contribute  to  a 
greater  strength  of  a  green  concrete.  The  effect  of  this,  however, 
must  be  lost  after  the  concrete  is  a  few  weeks  old  and  the  adhesion 
between  the  stone  and  cement  is  sufficient  to  prevent  a  breaking 
of  the  bond  with  stresses  up  to  the  shearing  strength  of  the  stone. 
The  roundness  of  the  gravel  aggregate  has  certain  advantages  in 
flowing  into  place  more  readily  and  thus  producing  a  denser 
mixture  with  less  spading  or  tamping  than  is  required  for  an 
angular  aggregate. 
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Granite  as  a  type  of  material  may  usually  be  superior  to  a  lime- 
stone for  use  as  a  concrete  aggregate,  but  in  practice  the  exceptions 
are  common  enough  to  warrant  comparative  tests  to  determine 
the  better,  providing  two  or  more  types  of  material  are  available. 

Safe  design  of  concrete  structures  requires  a  knowledge  of  the 
compressive  strength  of  the  concrete  within  reasonable  limits, 
since  the  working  stress  used  in  calculations  is  obtained  by  assum- 
ing a  strength  value  and  applying  a  factor  of  safety  which  should 
provide  for  all  variations  due  to  lack  of  uniformity  in  materials 
and  workmanship  and  occasional  excessive  loading  of  the  com- 
pleted structure. 

This  factor  of  safety,  however,  can  not  be  depended  upon  to 
care  for  the  great  variation  in  strength  which  may  be  obtained 
with  various  aggregates,  even  though  workmanship  and  curing 
conditions  may  be  of  the  best.  Therefore,  care  must  be  exercised 
in  selecting  the  aggregate  if  good  quality  of  concrete  is  to  be 
obtained. 

In  most  communities,  experience  has  demonstrated  the  satis- 
factory character  of  certain  available  aggregates  and,  therefore, 
no  further  tests  are  required  except  those  which  will  detect  varia- 
tion in  the  quality,  but  untried  materials  should  always  be  tested 
before  using  in  important  structures. 

Many  of  the  samples  of  sands  which  are  included  in  this  report 
were  taken  by  representatives  of  the  laboratory  from  localities 
where  the  Government  was  constructing  public  buildings  or  con- 
templated the  construction  of  such  buildings.  The  collectors  (all 
geologists,  with  one  exception)  not  only  took  the  samples  with 
particular  care,  but  in  addition  secured  information  in  regard  to 
source,  cleanliness,  general  appearance,  etc.  Unfortunately,  the 
size  of  the  sample  was  not  as  large  in  many  cases  as  it  should 
have  been,  so  that  not  as  thorough  an  investigation  was  made  as 
might  have  been  desired. 

The  large  number  of  sands  tested  and  the  wide  range  of  terri- 
tory from  which  they  were  obtained,  representing  practically  all 
kinds  of  sand  found  under  the  various  geological  conditions  of 
formation,  give  the  results  of  tests  of  sands  obtained  in  this  inves- 
tigation more  than  usual  interest.  Furthermore,  as  standard 
Ottawa  sand  mortar  specimens  were  made  at  the  same  time  as  the 
mortar  specimens  of  most  of  the  sands  under  investigation,  a  com- 
parison of  the  strength  of  these  sand  mortars  and  the  standard 
sand  mortars,  can  be  made  with  the  assurance  that  they  were 
subjected  to  the  same  conditions  at  all  times. 
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The  results  included  in  this  paper  have  been  in  part  collated 
from  the  many  investigations  and  tests  made  by  the  structural 
materials  laboratories  of  the  Geological  Survey  which  were  trans- 
ferred to  the  Bureau  of  Standards  in  19 10,  and  from  tests  made  by 
the  Bureau  of  Standards. 

The  work  in  the  Geological  Survey  was  done  by  W.  Jordan,  jr., 
F.  W.  Cooper,  William  Linker,  L.  H.  Losse,  G.  A.  Riddle,  R. 
Campbell,  R.  F.  Havlik,  A.  D.  Gates,  and  J.  G.  Bragg,  under  the 
direction  of  R.  L.  Humphrey.  Acknowledgment  is  made  to 
H.  A.  Davis  and  V.  I.  Richard  for  their  assistance  in  making 
some  of  the  tests  in  the  Bureau  of  Standards.  Some  of  the  data 
were  obtained  as  auxiliary  tests  to  investigations  reported  in 
Geological  Survey  Bulletins  331  and  344,  and  Bureau  of  Standards 
Technologic  Papers  Nos.  2,  5,  and  12.  These  data  furnish  infor- 
mation on  the  range  of  strength  values  which  were  obtained  with 
different  aggregates  in  various  consistencies,  with  variation  in 
workmanship  of  fabrication,  in  the  method  of  placing,  and  in 
subsequent  exposure.  It  contains  results  of  tests  on  a  relatively 
small  number  of  aggregates  and  should  not  be  considered  in  any 
sense  an  exhaustive  study  of  the  aggregates  of  the  United  States. 
A  sufficient  number  have  been  included,  however,  to  indicate  that 
the  ranges  of  values  included  herein  are  probably  too  low  rather 
than  too  high,  and  an  increase  in  the  number  of  aggregates  of  any 
type  studied  would  probably  result  in  obtaining  a  wider  range  of 
values.  The  greatest  value  of  this  paper,  perhaps,  is  in  empha- 
sizing the  necessity  of  having  a  knowledge  of  all  the  materials 
used  in  fabricating  concrete,  and  the  necessity  of  exercising  extreme 
care  in  every  phase  of  the  manufacture  of  concrete,  if  the  good 
quality  of  the  resulting  concrete  is  to  be  assured  and  a  concrete 
of  known  quality  produced. 

II.  SCOPE  OF  TESTS 

This  paper  includes  the  results  of  about  20  000  tests.  Com- 
pressive and  tensile  tests  were  made  upon  mortars  at  different 
ages,  including  about  240  different  sands  and  stone  screenings 
and  compressive  tests  were  made  on  concretes  composed  of  60 
aggregates,  including  limestones,  gravels,  granites,  cinders,  and 
trap  rock,  as  well  as  tests  of  the  physical  properties  of  the  sands, 
stone  screenings,  and  coarse  aggregates. 

In  order  that  the  effect  of  each  variable  on  the  compressive 
strength  might  be  determined,  the  consistency  of  the  mixture, 
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the  conditions  of  storage  of  the  concrete,  and  the  workmanship 
in  fabrication  were  changed  so  that  comparative  results  might  be 
obtained. 

The  weight  per  cubic  foot  of  the  concrete,  as  determined  from 
the  weight  of  the  test  pieces,  was  recorded  in  all  cases  before 
making  the  compression  tests,  and  compressometer  readings  were 
taken  in  most  cases  during  the  testing  of  the  cylinders,  from  which 
the  yield  point  and  initial  modulus  of  elasticity  were  determined. 
A  series  of  comparative  density  and  strength  tests  were  made  in  a 
number  of  cases  which  show  the  effect  on  compressive  strength  of 
varying  the  relative  proportions  of  the  same  fine  and  coarse 
aggregates. 

III.  TESTS  OF  CONSTITUENT  MATERIALS 

The  cement  used  throughout  most  of  these  tests  is  known  as  a 
typical  Portland  cement  and  was  prepared  by  mixing  together  a 
number  of  brands  of  standard  American  Portland  cements.  This 
cement  was  prepared  by  mixing  in  a  concrete  mixer,  or  by  spread- 
ing on  a  large  concrete  floor  an  equal  number  of  bags  of  cement 
of  different  brands  in  layers  one  above  the  other  and  turning  with 
shovels  until  a  uniform  mixture  was  obtained.  The  cement  was 
sealed  in  air-tight  cans  and  stored  away  until  used.  It  is  assumed 
in  this  paper  that  all  the  cement  used  had  the  same  cementing 
value.  While  this  is  probably  an  allowable  assumption  for  the 
typical  mixtures,  it  may  not  be  so  for  individual  brands,  and 
therefore  care  should  be  exercised  in  comparing  one  group  of  results 
with  another  where  different  brands  are  used. 

The  aggregates  as  shown  in  Tables  i  and  i  a  were  for  the  most  part 
secured  from  points  in  the  Middle  West,  and  in  all  cases  were  simi- 
lar to  the  materials  commonly  used  in  concrete  construction  work 
in  the  particular  localities  from  which  the  materials  were  obtained. 
The  samples  obtained  varied  in  size  from  a  few  pounds  to  several 
carloads  and  were  collected  under  the  supervision  of  a  representa- 
tive of  the  laboratory  or  procured  in  the  local  market  for  use  in  the 
laboratory. 

Tables  i  and  i  a  contain  the  results  of  the  granular  analyses  and 
other  tests  made  upon  the  materials,  such  as  specific  gravity,  weight 
per  cubic  foot,  water  absorption,  and  percentage  of  voids.  A  brief 
description  of  the  methods  used  in  securing  the  above  results 
follows. 
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1.  APPARENT  SPECIFIC  GRAVITY 

Coarse  Material  (Retained  on  *<-inch  Screen). — A  1500  g 
(3.3  pound)  sample,  dried  to  constant  weight,  was  placed  in  a  tin 
bucket  and  the  whole  placed  in  a  closed  vessel  and  the  air  exhausted. 
Water  was  admitted,  and  after  allowing  the  stone  to  soak  for  one- 
half  hour  the  bucket  was  suspended  on  the  arm  of  a  balance  and 
weighed  while  immersed  in  water.  The  result  obtained  by 
dividing  the  weight  of  the  original  dry  stone  by  the  loss  of  weight  of 
the  stone  in  water,  corrected  for  absorption  as  described  in  the 
following  paragraph,  is  called  the  apparent  specific  gravity. 

The  formula  used  in  making  this  calculation  is  as  follows : 

Wd 


s 


in  which 


(Wd  +  A)-W 


S  =  apparent  specific  gravity. 
Wd  =  dry  weight  of  stone  in  air. 
W  =  weight  of  stone  suspended  in  water. 
A  =  total  weight  of  water  absorbed. 

Two  determinations  were  made  on  most  samples,  the  values 
shown  in  Table  1  being  the  average. 

Fine  Material  (Passing  the  K_inch  Screen). — The  process 
was  similar  to  the  above  except  that  a  50  to  150  g  (0.11  to  0.33 
pound)  sample  was  used,  and  more  care  was  taken  in  controlling 
the  temperatures  of  the  air  and  the  water. 

2.  ABSORPTION 

Small  portions  were  selected  so  as  to  fairly  represent  the  mate- 
rial from  various  parts  of  a  large  sample  which  had  been  previously 
spread  out,  and,  after  drying  thoroughly  and  weighing,  they  were 
immersed  in  water.  After  attaining  a  constant  weight,  the  mate- 
rial was  surface  dried,  and  a  second  weight  was  obtained  from 
which  the  percentage  of  absorption  was  calculated.  Check  results 
were  obtained  from  the  samples  used  in  the  specific-gravity  tests, 
since  allowance  had  to  be  made  for  absorption  before  the  specific 
gravity  could  be  calculated. 

3.  WEIGHT  PER  CUBIC  FOOT 

The  weight  per  cubic  foot  was  determined  by  dividing  the  weight 
of  dried  material  required  to  fill  a  given  measure  under  a  standard- 
ized condition  of  filling,  by  the  volume  of  the  measure.  In  making 
this  determination  a  quantity  of  dried  sand  or  stone  was  placed  in 
an  inverted  conical  vessel.  The  opening  on  the  lower  end  was  closed 
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by  a  readily  removable  slide  and  was  2  feet  above  the  center  of  the 
measure  {%  to  1  cubic  foot).  On  removing  the  slide  the  material 
flowed  quickly  and  evenly  into  the  measure  until  it  overflowed. 
The  excess  was  carefully  struck  off  without  moving  the  measure. 
It  was  then  weighed;  the  difference  between  the  weight  of  the 
measure  empty  and  the  measure  filled  divided  by  the  volume  of 
the  measure  used  gave  the  weight  per  cubic  foot. 

4.  PERCENTAGE  OF  VOIDS 

All  results  given  in  Table  1  are  determined  voids  except  where 

noted  as  " computed  voids"  obtained  by  calculation  from  the 

values  obtained  for  specific  gravity  and  weight  per  cubic  foot. 

The  determined  voids  were  obtained  as  follows:  A  graduated 

glass  cylinder  was  partially  filled  with  water,  the  level  of  which 

was  noted,  and  a  weight  of  sand  corresponding  to  a  given  volume 

was  slowly  poured  into  the  water.     (The  weight  of  the  required 

volume  of  sand  was  calculated  from  the  weight  per  cubic  foot, 

which  had  been  previously  determined.)     The  sand  was  allowed 

to  stand  in  the  water  for  30  minutes,  when  the  water  level  was 

again  taken.     The  method  of  computation  follows: 

A  =  volume  of  the  sand  (placed  in  measure  under  conditions 

specified  under  heading  "Weight  per  cubic  foot.") 

B  =  volume  of  water  =  water  level  before  sand  was  added 

C  =  combined  volume  of  sand  and  water  =  water  level  after 

the  sand  was  added 

V  =  per  cent  voids. 

Then, 

Tr    A+B-C 

V  = ^ Xioo 

To  correct  for  absorption,  the  product  of  the  weight  of  the  sand 
by  the  percentage  of  absorption  was  added  to  C. 
Percentage  of  computed  voids  = 

Weight  per  cubic  foot  dried 
Spec.  grav.  X  weight  cu.  ft.  water 

5.  GRANULAR  ANALYSIS 

Two  sets  of  screens  were  used  for  this  test — one  for  material 
larger  than  %  inch  and  one  for  smaller  material.  The  set  of 
large  mesh  screens  (openings  X,  X,  ^i,  1,  1%,  1%,  i^>  and  2 


Strength  of  Concretes  and  Mortars  n 

inches)  were  2  feet  wide  by  4  feet  long  and  6  inches  deep,  and  they 
were  suspended  from  the  ceiling  by  ropes  connected  at  the  four 
corners. 

A  100-pound  sample,  after  drying,  was  placed  on  the  %-in.oh 
screen,  which  was  agitated  by  jarring  against  the  wall  until  no 
material  passed  through,  and  the  material  which  passed  was 
saved.  The  portion  remaining  was  then  placed  on  the  screen 
next  larger  in  size,  the  sifting  was  continued  in  the  same  manner, 
and  the  sample  was  thus  passed  through  the  screens  of  all  sizes. 

The  smaller-mesh  sieves  used  for  sand  and  stone  screening 
analyses  were  the  regular  8 -inch  diameter  circular  hand  sieves 
with  openings  of  6,  10,  20,  30,  40,  50,  80,  100,  and  200  per  linear 
inch. 

In  order  to  obtain  a  sample  for  making  the  analyses  of  sands 
and  stone  screenings  the  entire  sample,  after  mixing  well,  was 
spread  out  in  a  thin  layer  and  divided  into  small  squares,  a  total 
of  500  g.  being  taken.  The  remainder  was  remixed  and  resampled 
twice,  obtaining  in  this  way  three  500  g.  samples.  Bach  sample 
was  then  sieved  through  the  nest  of  sieves.  The  results  given 
are  the  average  of  three  determinations.  These  results  were  also 
used  to  determine  the  "uniformity  coefficient "  as  defined  by 
Hazen,1  which  is  the  ratio  of  the  assumed  diameter  of  the  particles 
corresponding  to  the  60  per  cent  ordinate  of  the  granularometric 
analysis  curve,  to  the  assumed  diameter  of  the  particles  corre- 
sponding to  the  10  per  cent  ordinate  of  the  curve. 

In  proportioning  the  aggregates  to  produce  the  various  con- 
cretes included  in  the  series  of  cylinder  and  cube  tests  of  Tables 
8  to  15,  the  coarse  aggregate  was  used  as  received,  however  large  a 
percentage  of  fine  material  was  contained  in  it,  and  the  sand  or 
fine  aggregate  was  added  in  the  proportion  stated.  In  some  cases, 
the  fine  material  passing  the  %-moh  screen  which  had  previously 
been  removed  from  the  "pit  or  crusher  run  material"  was  later 
used  as  a  fine  aggregate  with  the  "pit  or  crusher  run  material" 
as  received.  In  Table  1a  the  values  given  for  specific  gravity, 
weight  per  cubic  foot,  and  per  cent  of  voids,  preceding  the  granular 
analysis  of  the  coarse  material,  are  those  corresponding  to  the 
material  as  received,  unless  otherwise  noted,  while  the  second  set 
of  above  values  refers  to  that  part  of  the  crusher  or  pit  run  material 
which  passed  the  X_incn  screen. 

1  Twenty-fourth  Annual  Report  of  State  Board  of  Health  of  Massachusetts  for  1892. 
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6.  DENSITY 

Values  given  for  "density"  of  mortars  were  calculated  from  the 
formula : 

iWsXR     WcxR 
U     VSsXK  +  ScxK 

The  following  formula  was  used  to   determine   the   density   of 
concrete  ■ 

iWsxR     WcxR     WaxR 
VSsXK^ScXK      SaxK 

in  which 

D  =  Density. 
Ws  =  Weight  of  sand  or  fine  aggregate  used 
5"  s  =  Apparent  specific  gravity  of  the  sand  or  fine  aggregate. 
j?  _  Wm  _  Weight  of  mortar  in  the  mold 
W  t     Total  weight  of  material  used 
K  =  Unity  when  using  grams  and  cubic  centimeters,   and 
62.5  when  using  pounds  and  cubic  feet. 
W  c  =  Weight  of  cement  used. 
5  c  =  Specific  gravity  of  cement. 
V  =  Volume  of  the  mold. 
Wa  =  Weight  of  coarse  aggregate  used. 
Sa  =  Apparent  specific  gravity  of  coarse  aggregate. 

The  above  is  not  the  true  density  in  that  the  water  content  of 
the  mixture  is  not  included  as  solid  matter  and  the  apparent 
specific  gravity,  rather  than  the  true  specific  gravity,  of  the  fine 
and  coarse  aggregates  are  used  in  the  calculation.  With  these 
exceptions  the  term  "density"  is  used  to  represent  the  ratio  of 
the  volume  of  solids  to  the  volume  of  the  mold. 

The  term  "  density  "  is  used  throughout  this  paper  in  the  above 
sense  and  should  not  be  confused  with  specific  gravity. 

The  determination  was  made  as  follows:  The  quantity  of 
cement,  sand,  and  coarse  aggregate  for  a  given  volume  was  meas- 
ured by  weight  calculated  from  their  previously  determined 
weights  per  cubic  foot.  The  quantity  of  water  required  to  obtain 
the  desired  consistency  was  also  weighed.  Part  of  the  mixed 
mortar  or  concrete  was  tamped  into  the  mold,  the  weight  and 
volume  of  which  had  been  previously  determined,  the  excess  was 
struck  off  with  a  straightedge,  and  the  filled  mold  weighed. 
The  net  weight  of  each  ingredient  in  the  total  mixture,  multiplied 
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by  the  ratio  of  the  weight  of  the  mortar  or  concrete  in  the  mold 
to  the  total  weight  of  all  the  materials  weighed  out  and  mixed, 
gave  the  net  weight  of  the  cement  and  aggregate  contained  in 
the  mold.  It  was  assumed  that  the  mixture  was  uniform,  and  no 
allowance  was  made  for  the  evaporation  of  water  which  might 
occur  during  the  time  required  for  mixing  and  weighing.  With 
the  above  values  the  "density"  was  determined  from  the  formula 
as  given. 

IV.  DETAILS  OF  TESTS  OF  MORTARS  AND  CONCRETES 
1.  METHODS  OF  MIXING  AND  MOLDING 

The  large  test  pieces  used  were  made  up  principally  of  6-inch 
cubes  and  cylinders  8  inches  in  diameter  and  16  inches  long. 
The  cube  and  cylinder  molds  were  made  of  cast  iron  in  sections 
with  the  inner  surfaces  machined  and  the  sections  fastened 
together  with  brass  clamp  screws.  For  the  density  tests,  which 
are  described  later,  molds  of  wrought-iron  pipe  capped  at  one 
end  were  used. 

Compression  and  tension  specimens  were  made  from  most 
samples  of  sand  and  stone  screenings.  Three-gang  standard 
briquette  molds  were  used  for  molding  tension  specimens  and 
three-gang  2 -inch  cube  molds  for  most  compression  specimens. 
Some  compression  tests  of  mortars  were  made  on  6-inch  cubes 
and  8  by  16  inch  cylinders.  Standard  practice  2  for  the  molding 
of  briquettes  was  followed  in  the  preparation  of  these  small 
specimens. 

There  were  made  at  frequent  intervals  1 : 3  standard  Ottawa 
sand  specimens  for  comparison  with  the  sands  under  test. 

For  proportioning  the  various  mixtures  the  weight  of  a  cubic 
foot  of  cement  was  assumed  to  be  100  pounds,  and  the  proportions 
indicated  throughout  this  paper  and  in  the  tables  of  results  are 
by  volume  measure.  The  figures  1:2:4,  1:3:6,  etc.,  signify  the 
ratio  of  cement  to  fine  aggregate  to  coarse  aggregate  by  volume. 
For  convenience  and  greater  uniformity  in  proportioning  the 
volume  measurements  were  transposed  to  weight  measurements. 
More  uniform  proportions  can  be  obtained  in  this  manner,  since 
the  weight  of  a  given  volume  of  sand  varies  greatly  with  the 
moisture  content  and  with  the  method  of  filling  the  measure; 
unless  this  variation  is  cared  for  the  actual  proportions  of  the 
mixture  will  not  be  constant. 

2  Bureau  of  Standards  Circular  No.  33,  United  States  Government  Specification  for  Portland  Cement. 
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After  the  desired  proportions  were  determined  the  weight  of 
dry  material  for  each  batch  was  calculated.  The  moisture  con- 
tent of  the  sand  and  coarse  aggregate  to  be  used  was  determined 
and  the  calculated  dry  weights  of  each  were  increased  by  an 
amount  equal  to  the  amount  of  moisture  present. 

This  percentage  of  moisture  was  determined  on  500  g.  samples 
of  the  aggregate  to  be  used  during  that  day.  An  allowance  for 
the  amount  of  moisture  so  found  is  then  made  in  weighing  out 
the  water,  the  total  amount  of  which  for  the  correct  consistency 
was  predetermined.  It  is  usually  found,  even  after  making  this 
moisture  correction,  that  the  consistencies  of  the  various  batches 
will  vary  enough  to  be  easily  apparent,  both  to  the  eye  and  in  the 
process  of  molding.  This  is  due  to  the  fact  that  the  amount  of 
moisture  in  the  sand  varies  considerably  and  the  correction 
determined  by  drying  a  small  sample  does  not  fairly  represent 
the  amount  present  throughout  the  mass.  The  total  amounts  of 
water  used  for  each  proportion  were  recorded  and  an  attempt 
was  made  to  make  the  consistencies  of  batches  of  the  same  pro- 
portion uniform. 

The  consistencies  referred  to  throughout  this  paper  from  the 
driest  to  the  wettest  may  be  denned  as  follows : 

Dry. — Containing  just  sufficient  water  to  cause  the  cement 
and  sand  to  adhere  after  tamping  and  removal  of  the  molds. 

Moist. — A  mean  between  the  "  dry  "  and  "  plastic  "  consistencies. 

Plastic. — Containing  the  maximum  quantity  of  water  which 
allows  the  removal  of  the  forms  immediately  after  molding.  The 
surface  of  the  mass  shows  weblike  marks  of  neat  cement  and  water. 

Quaking. — A  stiff  mixture  upon  which  water  can  be  brought  to 
the  surface  by  slight  tamping.     The  mass  should  not  flow  readily. 

Mushy. — A  soft  mushy  mixture  which  is  not  watery,  but  can 
be  spaded  and  readily  worked  into  place  in  the  form. 

Fluid. — A  watery  mixture  which  flows  readily  into  place  in 
the  form  with  little  or  no  working. 

A  photograph  of  three  batches  of  concrete  to  illustrate  the  three 
consistencies,  ''quaking,"  " mushy,"  and  "fluid,"  are  shown  in 
Fig.  1 .  In  forming  each  of  the  piles  the  concrete  was  allowed  to 
slide  from  the  shovel  and  drop  only  a  few  inches  onto  the  pile,  the 
weight  causing  the  material  to  spread  out  and  take  the  shapes 
shown.  Dumping  from  a  barrow  or  allowing  the  mixtures  to 
flow  from  a  chute  would  have  caused  the  materials  to  spread  fur- 
ther and  form  flatter  cones,  which  would  give  the  appearance  of 
wetter  consistencies  than  the  method  which  was  used. 
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The  difference  in  appearance  of  the  dry,  moist,  and  plastic  mor- 
tars is  not  sufficient  to  be  illustrated  by  photograph,  and  can  best 
be  determined  and  measured  by  squeezing  a  mass  in  the  hand. 

All  concrete  was  mixed  in  power-driven  batch  mixers,  unless 
indicated  differently  in  the  tables  of  the  results.  Water  was 
weighed  and  supplied  to  the  mixer  through  a  hose  attached  to  a 
barrel,  which  was  mounted  on  a  platform  scale  above  the  mixer. 
To  insure  uniform  conditions  the  interior  of  the  mixer  was  wetted 
down  each  morning  before  the  first  mix  was  made.  Concrete  was 
usually  mixed  about  two  minutes  dry  and  three  minutes  wet,  or 
until  an  apparently  homogeneous  mixture  was  obtained,  except- 
ing where  otherwise  noted. 

The  quantity  of  water  used  in  mixing  and  the  consistency  of  the 
mixtures  is  given  with  the  results  of  tests  in  the  tables. 

The  test  pieces  were  for  the  most  part  prepared  by  filling  the 
mold  about  one-quarter  of  the  height  at  a  time  and  tamping  with 
a  hand  tamper,  care  being  exercised  to  lift  the  tamper  the  same 
height  each  time  and  to  move  it  systematically  over  the  entire 
surface  at  each  partial  filling.  The  top  surface  was  finished  by 
troweling  with  a  plasterer's  trowel. 

Since  it  was  desired  in  one  series  of  tests  to  determine  the  effect  on 
the  compressive  strength  of  depositing  concrete  below  the  surface 
of  water,  it  was  necessary  to  employ  a  different  method  of  molding. 

When  the  test  pieces  were  to  be  molded  in  submerged  molds  the 
concrete  was  placed  through  a  tremie  or  pipe.  The  pipe  was  30 
inches  in  length  and  5  inches  in  diameter.  A  cloth  was  placed  over 
the  bottom  of  the  pipe,  the  pipe  was  filled  with  concrete  to  a  depth 
of  25  inches,  and  was  then  immersed  until  the  bottom  of  the  pipe 
rested  on  the  bottom  of  the  mold,  when  the  cloth  was  withdrawn 
from  the  bottom  of  the  pipe.  The  pipe  was  then  gently  raised 
from  the  bottom  a  little  at  a  time,  the  concrete  flowing  from  the 
pipe,  which  was  continually  supplied  with  concrete  so  that  the  level 
of  the  concrete  in  the  pipe  was  always  above  the  level  of  the  water. 
This  was  continued  until  the  mold  was  full,  when  the  concrete  was 
allowed  to  overflow  slightly  and  the  top  was  somewhat  leveled 
with  a  plasterer's  trowel. 

2.  STORAGE 

The  molds,  unless  otherwise  noted,  were  stripped  from  all  speci- 
mens 24  hours  after  molding  and  the  large  cubes  and  cylinders  were 
stored  in  a  moist  room  where  they  were  sprinkled  three  times 
daily,  while  the  2 -inch  cubes  and  briquettes  were  stored  in  water. 
The  temperature  of  the  molding  room,  the  moist  room,  and  water 
in  storage  tanks  were  maintained  as  near  700  F.  as  possible. 
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3.  METHODS  OF  TESTING 

Just  previous  to  testing  the  cylinders  were  removed  from  the 
place  of  storage,  weighed,  and  measured.  To  insure  uniform  bear- 
ing in  the  testing  machine  and  the  application  of  the  load  parallel 
to  the  vertical  axis  of  the  cylinder,  the  ends  were  "  capped  "  in  the 
following  manner  with  thin  layers  of  plaster  of  Paris  or  plaster  and 
cement : 

A  small  amount  of  plastic  mixture  was  spread  on  a  horizontal 
glass-topped  table  and  the  end  of  the  cylinder,  which  had  pre- 
viously been  wet,  was  forced  down  into  the  mass  until  the  material 
flowed  out  to  the  edge,  and  at  the  same  time  the  axis  of  the  cylinder 
was  made  vertical  by  applying  a  spirit  level  to  the  sides  of  the 
cylinder.  The  mixture  hardened  in  a  few  minutes  and  the  cylinder 
was  rotated  about  the  vertical  axis  and  carefully  slipped  hori- 
zontally from  the  plate.  The  other  end  of  the  cylinder  was  pre- 
pared in  the  same  manner.  The  cap  was  prevented  from  sticking 
to  the  plate  by  covering  the  plate  with  a  thick  film  of  oil  just 
previous  to  placing  the  mixture  of  plaster  and  cement.  The 
relative  quantity  of  plaster  and  cement  needed  varies  with  the 
condition  of  the  plaster.  Too  much  cement  causes  the  cap  to 
harden  slowly  and  increases  the  danger  of  partially  destroying  the 
cap  in  slipping  the  cylinder  from  the  plate.  In  forming  the  cap  on 
the  opposite  end  of  a  cylinder  the  cap  first  formed  is  tested  by 
applying  the  level  to  the  top  after  the  sides  have  been  made 
vertical.  Usually  the  cylinders  were  not  tested  until  several  hours 
after  "  capping." 

In  testing,  a  cylinder  was  centered  on  a  spherical  bearing  block 
and  placed  on  the  weighing  table  so  that  the  vertical  axis  of  the 
cylinder  was  in  a  line  passing  through  the  center  of  the  movable 
head.  To  insure  full  bearing  at  the  top,  the  cylinder  and  upper 
section  of  the  spherical  block  were  slowly  rotated  horizontally  by 
the  operator  while  the  upper  head  was  brought  down  onto  the  test 
piece  and  the  load  was  applied  by  a  uniform  movement  of  the  head 
of  about  0.02  inch  per  minute. 

In  most  cases  a  compressometer  was  used  to  obtain  stress  strain 
readings  nearly  to  the  point  of  failure.  These  readings  were  then 
plotted  and  the  modulus  of  elasticity  and  the  yield  point  deter- 
mined. 

The  cubes  were  not  capped  with  the  plaster  mixture  before 
testing,  but  were  merely  placed  in  the  machine  on  the  spherical 
bearing  block  with  pieces  of  asbestos  or  blotting  paper  just  above 
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and  below  the  bearing  surfaces  of  the  cube.  The  head  of  the 
machine  was  brought  down  to  uniform  bearing  in  the  same  manner 
as  for  the  cylinders.  No  deformation  readings  were  taken  on  the 
cubes. 

V.  RESULTS  OF  TESTS 

Practically  all  of  the  results  given  in  this  paper  are  the  averages 
of  three  or  more  tests.  The  results  are  given  in  tabular  form  and 
some  diagrams  have  been  prepared  to  show  the  comparative  strength 
of  mortars  and  concretes  with  various  aggregates  and  for  various 
proportions  and  mixtures.  Since  the  laboratory  conditions  were 
especially  favorable  for  the  uniform  hardening  of  concrete,  the 
results  obtained  in  the  laboratory  are  probably  higher  than  those 
which  would  be  secured  from  the  same  materials  under  normal 
field  conditions. 

1.  PORTLAND  CEMENT  MORTAR  MIXTURES 

(A)  Compressive  Strength  of  Cubes  and  Cylinders. — The 
average  compressive  strengths  of  mortars  of  several  proportions 
and  consistencies  and  at  various  ages  are  given  in  Tables  2  to  5. 
The  results  given  in  Tables  2  and  3  were  obtained  from  tests  of 
8  by  1 6  inch  cylinders  and  those  of  Tables  4  and  5  from  tests  of 
2  -inch  cubes .  Tests  were  made  of  mixtures  of  three  consistencies — 
dry,  moist,  and  plastic — which  were  similar  to  those  used  in  the 
manufacture  of  building  blocks  by  the  "dry"  process.  The 
"plastic"  consistency,  which  was  the  wettest  of  the  series,  had 
the  greatest  strength  at  all  ages  and  in  all  mixtures  excepting  the 
1 : 8  mixture,  in  which  there  is  practically  no  difference  in  strength 
between  the  "moist"  and  "plastic"  consistencies. 

As  stated  on  page  14,  the  plastic  consistency  does  not  contain 
as  much  water  as  the  quaking  or  mushy  consistencies  most  com- 
monly used  for  concrete.  No  tests  were  made  of  fluid  or  very  wet 
mortar  mixtures,  and  therefore  their  effect  on  strength  is  not 
known,  although  it  is  probable  that  the  fluid  consistency  mixture 
would  have  less  strength  than  the  plastic  consistency  mixture,  as 
is  the  case  with  concrete.  The  strength  varies  with  the  relative 
proportions  of  cement  and  fine  aggregate,  the  1 : 2  mixture  being 
strongest  and  the  1 : 8  weakest,  but  all  proportions  show  increased 
strength  with  age.  The  relative  strength  of  these  mixtures  are 
shown  diagrammatically  in  Fig.  1a. 
17153°— 16 2 
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Fig.  2. — Relation  of  the  density  of  1-3  mixtures  of  Portland  cement  sand  mortars  made 
with  different  sands  to  the  compressive  strength  at  the  ages  of  7  days  and  1  year.  {Test 
pieces,  2-inch  cubes.     See  Table  4) 


Density 


Fig.  3. — Relation  of  density  of  1-3  mixtures  of  Portland  cement  gravel  screening  mortars 
made  with  different  materials  to  the  compressive  strength  in  both  1-3  and  1-4  mixtures 
at  the  ages  of  7  days  and  1  year.     (Test  pieces,  2-inch  cubes.     See  Table  4) 
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A  comparison  of  the  results  of  tests  of  sand  186  and  limestone 
screenings  show  that  these  particular  limestone  screenings  make  a 
much  stronger  mortar  at  all  ages  than  the  sand  aggregate.  More 
water  was  required  by  the  screenings,  probably  due  to  its  greater 
fineness  and  porosity  of  grain  as  compared  to  that  of  the  sand. 

The  results  given  in  Table  2  would  indicate  that  variation  in  the 
amount  of  water  used  in  a  mortar  wili  cause  as  large  differences  in 
strength  of  the  mortar  as  will  the  use  of  two  dissimilar  aggregates 
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tars made  with  different  materials  to  the  compressive  strength  at  the  ages  of  f  days  and  I 
year.     {Test  pieces,  2-inch  cubes.     See  Table  4) 

with  the  same  cement  or  a  reduction  of  50  per  cent  in  the  quantity 
of  cement  used. 

In  Table  3  are  shown  the  results  of  additional  tests  on  mortar 
cylinders  made  up  in  the  proportions  of  1:1,1:2,  and  1:4,  and  tested 
at  4  and  13  weeks.  The  two  richest  mixtures  attain  high  values 
at  both  periods.  The  yield  points  and  moduli  of  elasticity  are 
proportionately  high.  Since  the  same  sand  was  used  in  the  con- 
crete tests  reported  in  Tables  8  to  15,  these  results  may  be  com- 
pared. It  is  also  of  interest  to  note  that  the  results  obtained  on 
the  large  cylinders  compare  favorably  with  those  obtained  on  the 
2 -inch  cubes  reported  in  Table  4. 

Tables  4  and  5  give  the  results  of  tests  on  mortars  made  up  of 
typical  cement  and  a  large  number  of  aggregates  which  are  in 
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common  use  in  concrete  throughout  the  United  States.  The 
results  given  in  Table  4  are  arranged  in  the  order  of  the  density 
of  the  resulting  mortars  as  made  up  in  the  proportion  of  1  part 
cement  to  3  parts  sand  or  screenings.  Since  an  endeavor  was 
made  to  mix  all  the  materials  to  the  same  plastic  consistency, 
a  direct  comparison  of  the  compressive  strength  is  afforded,  as 
all  other  conditions  were  uniform.  Some  of  the  results  of  these 
tests  are  shown  diagrammatically  in  Figs.  2,3,  and  4,  in  which  the 
strength  results  are  plotted  in  the  order  of  their  densities  for  two 
ages,  seven  days  and  one  year.  These  diagrams  show  that  there 
is  no  direct  relation  between  density  and  strength  when  compar- 
ing different  aggregates,  although  as  a  group  those  having  the 
greater  density  generally  have  the  greater  strength. 

The  results  in  Table  5  are  arranged  according  to  fineness,  sand 
No.  3  being  the  coarsest  and  sand  No.  157  the  finest. 

The  ratio  of  the  compressive  strengths  of  the  mortars  made  of 
the  sands  tested  to  the  compressive  strengths  of  the  mortars  made 
from  the  standard  Ottawa  sand  is  much  higher  than  the  tensile 
ratio  in  the  case  of  the  coarse  sands ;  the  finer  sands  show  that  this 
ratio  is  reversed,  and  the  sands  of  intermediate  fineness  give 
approximately  the  same  ratios  in  compression  and  tension. 

In  Fig.  5  compressive  strength  is  plotted  against  density.  It 
is  quite  evident  that  the  strength  of  a  mortar  follows  the  density 
more  closely  than  any  of  the  other  properties  of  the  sand,  though 
a  high  density  may  in  some  cases  be  accompanied  by  low  strength. 

In  general,  there  is  a  very  good  increase  in  strength  with  age, 
although  in  a  few  cases  there  are  marked  decreases  at  the  one-year 
period,  for  which  no  explanation  can  be  offered. 

In  the  results  of  the  sand  mortar  tests,  Table  4,  it  should  be  noted 
that  the  sands  containing  a  comparatively  low  percentage  of 
material  passing  the  No.  50  sieve  have  high  compressive  strengths, 
while  those  containing  a  higher  percentage  of  fine  particles  usually 
have  a  comparatively  low  strength.  In  the  gravel  screening 
mortar  tests  the  1 :  3  mortar  made  with  sand  309  is  exceeded  in 
strength  by  that  of  sand  302,  which  attains  the  maximum  strength 
of  all  the  aggregates  represented  in  these  series.  However,  in  the 
1 : 4  mortar,  sand  309  is  nearly  50  per  cent  the  stronger.  The 
analyses  of  the  materials  in  Table  1  show  that  sand  309  contained 
an  unusually  small  amount  of  fine  material,  only  0.7  per  cent 
passing  the  No.  10  sieve,  while  sand  302  contains  next  to  the  great- 
est amount  of  fine  material  of  all  the  gravel  screenings;  but  sand 
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306,  which  contains  the  largest  amount  of  fine  material,  is  nearly 
300  per  cent  stronger  in  both  proportions  than  sand  308,  which  has 
nearly  as  little  material  passing  the  No.  10  sieve  as  sand  309. 

In  the  sand  mortar  tests  the  strength  of  the  mortar  made  of  sand 
162  shows  a  marked  reduction  at  the  year  period  over  that  of  the 
six-month  period  in  both  the  1 :  3  and  1 :  4  proportions.  A  num- 
ber of  the  other  sands  show  either  slight  reductions  or  only  small 
increases  in  strength  between  the  six-month  and  one-year  periods. 
In  the  results  of  the  tests  of  the  stone  screenings  the  long-time 
tests  appear  to  be  uniformly  high  with  a  few  exceptions.  Screen- 
ings 410,  407,  415,  411,  and  424  were  unusually  low  in  strength  in 
the  1 :  4  mixture  at  the  seven-day  period,  but  with  the  exception 
of  415  and  424  show  good  increases  in  strength  at  each  test  period 
up  to  one  year. 

In  order  that  the  effect  of  gradation  of  particles  on  the  com- 
pressive strength  of  mortar  may  be  more  easily  seen,  Figs.  6  and  7 
have  been  prepared.  Curve  B,  Fig.  6,  represents  the  granular 
analyses  of  an  aggregate  whose  particles  are  the  average  of  the 
three-stone  screenings  404,  406,  and  422,  which  gave  the  highest 
compressive  strength  at  one  year.  Stone  screenings  424,  which  is 
the  coarsest  of  all  those  tested,  at  the  year  period  attained  the 
lowest  strength.  Curve  A  is  plotted  by  averaging  the  curves  for 
stone  screenings  411  and  421,  which  gave  the  lowest  results, 
excluding  those  of  424. 

In  Fig.  7  the  highest  and  lowest  testing  sands  of  Table  2  are 
shown  in  the  same  manner.  Curve  B  represents  the  average  size 
of  the  grains  of  the  three  sands  which  attained  the  highest  com- 
pressive strength  at  one  year,  while  curve  A  represents  the  average 
size  of  the  three  having  the  lowest  compressive  strength.  The 
curves  for  the  sands  having  the  maximum  and  minimum  strengths 
fall  respectively  below  and  above  these  average  curves. 

The  above  two  diagrams  show  very  clearly  that  a  relatively 
coarse  rather  than  a  fine  sand  is  likely  to  be  most  satisfactory  in 
use.  In  general,  the  straight-line  gradation  may  be  said  to  be  the 
ideal  gradation,  but  the  curve  of  stone  screenings  424,  Fig.  6, 
indicates  that  the  proportion  passing  the  coarser  sieves  should  not 
be  too  low.  However,  such  a  material  is  rarely  used  as  a  sand,  and 
in  most  cases  sands  are  too  fine  rather  than  too  coarse. 

No  definite  conclusion  regarding  the  effect  of  gradation  of  parti- 
cles on  the  compressive  strength  of  the  mortar  can  be  drawn  from 
these  results.     They  show  in  a  general  way,  however,  that  sands 
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whose  gradation  approaches  a  straight  line  and  have  preferably 
not  in  excess  of  30  per  cent  passing  the  No.  50  sieve  (normal  open- 
ing 0.011  inch)  give  the  greater  compressive  strength  in  mortars. 
There  are  sands  which  have  a  larger  amount  of  fine  material  which 
give  good  results  in  mortars  and  concretes,  therefore  it  should  not 
be  assumed  that  the  strength  is  entirely  a  function  of  the  gradation 
of  the  fine  aggregate.  The  specifications  of  the  American  Concrete 
Institute3  for  fine  aggregates  would  reject  85  of  the  197  sands 
included  in  Table  1,  or  43  per  cent,  on  account  of  excess  fineness, 
and  many  of  these  will  be  found  to  give  good  results,  as  shown  in 
Tables  4  and  5.  It  will  also  reject  several  of  the  sands  shown  in 
Fig.  8,  which  appear  to  be  satisfactory  when  used  in  concrete. 

It  should,  furthermore,  be  recognized  that  the  sand  which  gives 
the  highest  compressive  strength  in  a  mortar  will  not  necessarily 
give  the  greatest  strength  as  compared  with  other  sands  combined 
with  a  given  coarse  aggregate  in  a  concrete,  due  to  the  fact  that 
there  are  often  small  quantities  of  material  included  in  the  coarse 
aggregate  which  passes  the  %-moh  screen  or  a  large  percentage 
of  both  the  fine  and  coarse  aggregate  is  near  the  %-m.oh  size,  and 
its  effect  on  the  strength  of  the  concrete  is  the  same  as  though 
this  excess  amount  were  present  in  the  sand,  thereby  materially 
altering  the  gradation  of  the  combination.  In  Fig.  8  sand  188 
would  probably  be  rejected  for  use  as  a  concrete  aggregate  by 
visual  inspection,  but  it  should  be  noted,  as  shown  in  Table  16, 
that  the  concrete  in  which  this  sand  was  used  attained  a  strength 
of  over  2000  pounds  per  square  inch  at  four  weeks. 

Although  no  definite  conclusion  can  be  drawn  in  regard  to  the 
proportions  of  fine  material  required  for  maximum  strength,  in 
the  majority  of  cases,  those  mortars  containing  the  higher  per  cent 
of  fine  particles  show  the  lower  compressive  strengths. 

From  the  results  shown  in  Table  4  it  is  not  possible  -to  say  that 
any  one  of  the  three  types  of  aggregates  represented  is  superior  to 
the  others  for  use  in  a  mortar.  The  range  of  values  obtained  with 
any  one  type  is  so  much  greater  than  the  range  of  the  average  of 
all  three  types  that  it  is  very  evident  that  the  source  or  type  of 
material  is  of  minor  importance. 

(B)  Compressive  Strength  of  Building  Blocks. — In  Table  6 
are  given  the  average  results  of  tests  of  cement  mortar  building 
blocks. 

The  materials  used  were  sand  183  with  a  " typical"  Portland 
cement  mixed  in  the  proportions  1:2,  1:4,  and  1:8,  each  propor- 

3  Journal  American  Concrete  Institute,  October,  1914,  p.  17. 
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tion    including    the    three    consistencies    "dry,"    " moist,"    and 
"plastic."     The  per  cent  of  water  used  was  as  follows: 


Consistency 

Proportions  (cement: sand) 

1:2 

1:4 

1:8 

Per  cent  water  used 

Dry ., 

6.  5              5.  .5 

4.5 

Moist 

9.0 
10.5 

8.0 
9.0 

6.5 

Plastic 

8.0 

The  blocks  representing  each  of  the  above  proportions  and 
consistencies  were  made  on  five  commercial  block  machines 
which  were  in  common  use  at  the  time  the  tests  were  made. 

The  blocks  which  are  shown  in  Fig.  9  may  be  described  briefly 
as  follows : 

Machine  A :  Two-piece  wall  block  with  web  at  center. 

Machine  B :  One-piece  double  air  space  4-core  block. 

Machine  C :  One-piece  single  air  space  single-core  block. 

Machine  D :  One-piece  single  air  space  4-core  block. 

Machine  E :  One-piece  single  air  space  double-core  block. 

Owing  to  the  fact  that  a  single  block  would,  in  compression, 
exceed  the  capacity  of  the  largest  available  testing  machine,  the 
transverse  tests  were  first  made  and  then  portions  of  the  two 
halves  were  tested  in  compression.  A  parallel  set  of  mortar 
cylinders  were  molded  at  the  time"  the  blocks  were  made  and 
tested  at  later  periods  for  compressive  strength. 

The  transverse  strength  was  determined  on  a  20-inch  span 
with  the  load  applied  at  the  center  of  the  block. 

All  blocks  and  cylinders  were  tamped  to  weigh  within  Y  pound 
of  a  prescribed  weight  to  insure  uniform  density  as  a  whole,  but 
since  all  specimens  were  hand  tamped  there  was  no  assurance 
that  the  different  portions  of  the  mass  were  homogeneous.  It  is 
probable,  however,  that  these  specimens  compared  favorably 
with  the  commercial  hand-tamped  block. 

The  modulus  of  rupture  was  figured  for  each  type  of  block  at  a 
transverse  plane,  where  rupture  usually  occurred,  and  this  gave 
the  maximum,  value.  For  blocks  C  and  D  this  section  was  the 
center,  while  for  the  others  it  was  about  2  inches  from  the  center, 
or  where  the  web  joins  the  wall  of  the  block. 

Since  the  broken  portions  of  the  blocks  were  used  in  the  com- 
pression tests  the  pieces  tested  for  compression  were  not  uniform, 
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Fig.  9. — Types  of  mortar  building  blocks  used  in  tests 
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and  the  smallest  area  of  the  piece  was  used  in  calculating  the 
unit  stress. 

The  results  given  in  Table  6  show  that  with  few  exceptions  the 
mortars  mixed  with  the  greatest  amount  of  water  were  strongest. 
There  is  not  a  close  agreement  between  the  compressive  strengths 
as  determined  from  the  cylinders  and  from  portions  of  the  blocks. 
(See  Fig.  10.)  These  differences  may  be  accounted  for  in  four 
ways,  (a)  shape  of  test  specimen,  making  the  method  of  calcula- 
tion incorrect,  (b)  previous  injury  to  sections  of  the  block  during 
the  transverse  test,  (c)  improper  centering  of  the  block  in  testing 
machine,  and  (d)  difference  in  methods  of  molding  and  curing 
cylinders  and  blocks. 

The  cylinders  would  be  expected  to  have  a  lower  unit  strength 
than  the  pieces  of  blocks  if  the  variation  was  due  in  large  part  to 
the  method  of  calculation  on  account  of  the  irregular  shape  of  the 
block  test  piece.  The  cylinders,  however,  in  most  cases,  had  a 
greater  unit  strength  than  the  block  sections.  Tt  is  possible 
that  some  of  the  block  sections  were  injured  during  the  transverse 
test  in  such  a  way  as  to  affect  the  compressive  strength,  but  there 
was  no  way  of  determining  the  extent  of  this  injury.  The  block 
sections  being  of  odd  shape,  it  was  often  difficult  to  center  them  in 
the  testing  machine  and  the  load  was  applied  eccentrically, 
which  would  result  in  failure  at  a  load  under  that  which  might 
occur  if  uniformly  loaded.  The  blocks  were  molded  with  special 
tampers,  and  the  thin  walls  would  probably  be  more  difficult  to 
tamp  than  the  cylinders;  also  the  blocks  were  removed  from  the 
molds  immediately  after  molding  while  the  cylinders  remained 
in  the  molds  for  24  hours,  which  may  account  for  some  of  the 
variations. 

While  these  results  may  indicate  that  some  of  the  machines 
may  turn  out  blocks  superior  to  the  others  as  to  strength,  as  shown 
in  Fig.  1 1 ,  it  should  be  considered  that  within  practical  and  ordinary 
commercial  limits  the  strength  of  the  individual  blocks  is  usually 
a  secondary  consideration  and  that  the  real  value  of  the  building 
block  is  measured  by  its  moisture  proof  or  water  repellant  qualities. 
These  qualities  are  more  dependent  upon  selection,  proportioning 
of  materials,  and  processes  of  manufacture  than  upon  the  type  of 
machine  used.  The  automatic  tamper,  which  is  now  in  general 
use,  aids  in  securing  a  dense,  homogeneous  block,  and  allows  the 
use  of  a  slightly  wetter  mortar  than  can  be  molded  by  hand. 
Where  the  blocks  are  covered  with  stucco  their  water  repellant 
properties  are  not  of  so  much  importance. 
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(C)  Tensile  Strength  of  Briquettes. — Since  sands  have  been 
commonly  tested  by  determining  their  tensile  strength  in  mortars 
as  compared  with  standard  Ottawa  sand  mortars,  such  tests  were 
made  of  most  of  the  sands  and  results  are  given  in  Table  7.  The 
results  of  tests  of  sands  1  to  157  are  arranged  according  to  their 
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Fig.  11. — Compressive  strength  of  five  types  of  mortar  building  blocks.     All  were  made  of 
a  plastic  consistency .     (See  Table  6) 

fineness,  as  indicated  by  the  granularmetric  curves,  the  coarsest 
being  No.  i  and  the  finest  No.  157.  Results  of  tests  of  other 
samples  are  arranged  according  to  density  of  the  mortar. 

The  specification  of    the  American  Concrete    Institute  would 
reject  107  of  138  sands,  or  78  per  cent,  on  account  of  low  tensile 
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strength  as  compared  with  standard  Ottawa  sand  mortars.  About 
65  per  cent,  of  the  samples  had  a  tensile  strength  greater  than  90 
per  cent  of  the  strength  of  standard  sand  mortars.  Many  of  these 
sands  have  a  comparatively  high  compressive  strength  and  would 
pass  specifications  if  the  latter  required  only  compressive  strength. 

Fig.  12,  in  which  the  tensile  strength  at  13  weeks  was  plotted 
against  density,  shows  some  very  large  differences  in  strength  for 
different  sands  when  the  density  is  approximately  the  same.  There 
is  practically  no  difference  in  tensile  strength  between  the  sands 
having  rounded  and  sharp  grains.  The  grand  average  tensile 
strength  of  all  results  is  as  follows:  Rounded,  349;  sharp,  342; 
medium  sharp,  341. 

In  Fig.  13  the  tensile  results  have  been  divided  into  four  groups, 
according  to  strength,  and  plotted  according  to  Feret's  4  three- 
coordinate  method  for  such  tests. 

In  this  figure  the  F  or  fine  particles  are  those  passing  a  No.  30 
sieve,  the  M  or  medium  particles  those  passing  a  No.  10,  but 
retained  on  a  No.  30  sieve,  and  the  G  or  large  particles  those 
retained  on  the  No.  10  sieve,  but  passing  a  ^-inch  sieve.  These 
were  the  only  sieves  available  nearest  those  originally  recom- 
mended by  Feret.  The  proportion  of  each  of  the  three  sizes  in 
the  sand  is  represented  by  its  perpendicular  distance  from  the 
side  opposite  each  apex.  For  example,  at  the  apex  F  the  compo- 
sition is  F  =  1 ,  G  =  o,  and  M  =  o.  This  method  indicates  but  very 
little  more  clearly  the  relation  of  fineness  and  strengths  than  the 
customary  plotting  of  the  entire  granularmetric  analysis.  It  does, 
however,  show  that  generally  the  lower  strengths  are  obtained 
from  the  finer  sands.  In  Fig.  14  is  shown  typical  gradations  of  fine 
and  coarse  sands. 

In  Table  7 a  are  shown  the  results  of  long-time  tensile  tests  of 
neat  cements  and  of  standard  Ottawa  and  quartz  sand  mortars 
made  with  the  same  cements.  With  the  exception  of  the  cement 
from  bin  5,  all  cement  used  was  produced  by  the  same  mill.  With 
few  exceptions  the  neat  cements  attained  their  maximum  strength 
at  the  ages  of  26  or  39  weeks,  the  strength  then  decreasing  until  at 
5  years  it  was  approximately  equal  to  that  at  the  age  of  3  days. 
The  5 -year  average  for  the  neat  tests  is  just  high  enough  to  pass 
the  present  28-day  specification  requirement  of  600  pounds.  The 
mortar  briquettes  reached  their  maximum  strength  between  the 
ages  of  13  weeks  and  1  year,  and  after  that  period  show  a  falling 

4  Annales  des  Ponts  et  Chaussees,  1892,  "Concrete,  Plain  and  Reinforced,"  by  Taylor  and  Thompson, 
p.  144. 
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off  of  about  30  per  cent  of  the  maximum.  The  Ottawa  sand  mor- 
tars are  at  all  later  periods  generally  well  above  the  28-day  speci- 
fication requirement  of  275  pounds. 

The  grand  average  results  of  all  samples  at  each  age  are  shown 
diagrammatically  in  Fig.  14a. 

The  specific  gravity  and  percentage  of  absorption  of  sands 
seem  to  bear  little  relation  to  the  tensile  strength  of  the  mortars 


401  to  512  lbs.  per  square  inch 

X    =  351  to  400  lbs.  per  square  inch 

0    =■  301  to  350  lbs.  per  square  inch 

:  186  to  300  lbs.  per  square  inch 


10  20  30  40  50  60  70  60  90 

Fig.  13. — Showing  the  fineness,  according  to  Feret,  of  sands  having  a  tensile  strength  between 
186  and  512  pounds.     (See  p.  32) 

made  from  them.  The  percentage  of  voids,  density,  and  weight 
per  cubic  foot  are  closely  related.  Generally  the  lower  the  voids 
the  greater  is  the  density  and  the  greater  the  strength  of  the 
resulting  mortar.  Sands  having  30  to  35  per  cent  voids  are 
usually  fairly  well  graded.  There  are  not  many  sands  included 
in  this  investigation  which  had  less  than  33  per  cent  of  voids. 

The  "uniformity  coefficient"  appears  to  be  of  less  value  as  a 
criterion  of  the  quality  of  a  sand  for  use  in  concrete  than  the 
granular  analysis. 

A  consideration  of  all  the  physical  properties  of  sands  with  rela- 
tion to  the  strength  results,  indicates  that  it  is  impossible  to  adopt 
any   specification   for   sand,    based   upon   these   characteristics, 
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which  will  not  reject  sands  which  may  be  satisfactory  in  use,  or 
which  may  not  admit  materials  that  may  be  proven  unsatisfac- 
tory by  further  tests. 

2.  PORTLAND  CEMENT  CONCRETE  MIXTURES 

(A)  Quauty  as  Affected  by  the  Type  of  Aggregate. — 
The  results  shown  in  Tables  8  to  17  include  results  of  tests  on 
concrete  cylinders  and  cubes,  made  of  various  proportions  of 
cement  and  all  types  of  aggregate  and  tested  at  periods  up  to 
one  year.  Throughout  these  tables  it  will  be  found  that  only  a 
few  sands  were  used  as  fine  aggregates  with  the  many  coarse 
materials,  so  that  a  more  direct  comparison  of  results  may  be 
made  than  when  different  sands  are  used  with  the  different  coarse 
aggregates.  In  most  cases  there  is  not  a  great  difference  in  the 
quantity  of  water  used  for  the  different  materials.  In  every 
case  an  attempt  was  made  to  obtain  the  same  wet  or  "mushy" 
consistency  so  that  the  percentage  of  water  was  varied  slightly 
due  to  differences  in  the  aggregates. 

Throughout  these  tables  the  proportions  are  reported  in  volume 
measure,  but  uniformity  was  insured  at  the  time  of  mixing  by 
weighing  all  materials,  whose  weight  per  unit  volume  had  been 
carefully  determined  previously. 

The  compressive  strength,  yield  point,  and  modulus  of  elas- 
ticity of  several  materials  are  given  in  Table  8,  which  includes 
the  results  of  tests  on  18  limestones,  11  gravels,  3  granites,  2 
trap  rocks,  and  1  cinder,  made  up  into  concrete  of  1:2:4  propor- 
tions and  molded  in  the  form  of  standard  8  by  16  inch  cylinders. 

At  the  end  of  four  weeks  the  range  of  compressive  strength,  in 
pounds  per  square  inch,  was  as  follows: 

Limestone,  1276  to  3984,  range  of  213  per  cent. 
Granite,  2376  to  3054,  range  of  29  per  cent. 
Gravel,  888  to  4126,  range  of  354  per  cent. 

Had  there  been  more  granites  tested  it  is  very  likely  that  the 
range  of  values  at  this  period  would  have  been  greatly  increased. 
Many  of  the  values  obtained  with  the  limestone  exceeded  the 
highest  value  obtained  with  granite,  but  the  average  is  greatly 
reduced  on  account  of  many  low-testing  limestones  being  included. 
With  very  few  exceptions  there  is  a  gradual  increase  in  strength 
with  age  and  those  limestones  tested  at  the  two-year  periods 
were  still  increasing  at  that  time  and  show  unusually  high  values. 
These  results  show  that  there  is  as  great  variation  in  the  strength 
of  aggregates  of  the  same  type  as  between  aggregates  of  different 
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types  and  it  can  not  be  said  in  general  that  any  particular  type  is 
superior  to  all  aggregates  of  any  other  type.  This  is  shown 
diagrammatically  in  Fig.  15. 
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Fig.  15. — Average  and  range  of  compressive  strengths  of  1-2-4  concrete  made  of  a 
large  number  of  aggregates  of  different  types.  {Test  pieces,  8  by  16  inch  cylinders. 
See  Table  8) 

Table  9  shows  the  results  of  tests  on  the  1:3:6  proportion  con- 
crete using  practically  the  same  aggregates  as  in  the  1:2:4  con- 
crete, results  of  which  were  given  in  Table  8.     Here,  again,  it  is 
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found  that  the  compressive  strength  at  the  age  of  four  weeks 
may  vary  as  much  as  several  hundred  per  cent  not  only  among 
aggregates  of  the  same  type,  but  between  those  of  different  types. 
For  example,  at  the  four- week  period  granite  317  and  limestone 
160  showed  a  variation  in  strength  of  nearly  300  per  cent.  The 
same  sand,  181,  was  used  with  both  of  these  aggregates. 

Tables  10  and  11  contain  results  of  tests  on  1:1:5  and  1:2:7 
concretes  made  from  a  few  of  the  aggregates  included  in  the  pre- 
ceding tables.  The  range  of  values  is  not  so  great,  due  to  the 
inclusion  of  a  smaller  number  of  materials  of  the  limestone  and 
gravel  type.  As  in  the  preceding  tables,  the  yield  points  and 
initial  moduli  of  elasticity  show  a  constant  increase  with  age 
with  a  few  exceptions. 

The  values  shown  in  Table  12  are  especially  interesting  in  that 
the  proportions  of  materials  used  are  based  upon  the  voids  in  the 
aggregate,  a  method  often  used  in  practice  when  the  voids  are 
known.  In  this  work  the  amount  of  cement  used  was  10  per  cent 
in  excess  of  the  calculated  voids  in  the  sand,  as  determined  in 
accordance  with  methods  previously  described,  and  the  amount 
of  mortar  used  was  10  per  cent  in  excess  of  the  calculated  voids  in 
the  coarser  aggregate.  Sand  183  was  used  in  most  of  the  theo- 
retical mixtures  and  the  same  sand  was  used  with  several  of  the 
same  aggregates  in  the  1:2:4  and  1:3:6  proportions,  which 
allows  a  direct  comparison,  as  shown  in  Table  13. 

From  the  results  given  in  Table  1 3  it  will  be  seen  that  with  only 
one  or  two  exceptions  the  theoretical  mixture,  using  the  same  sand 
throughout,  shows  greater  strength  at  all  periods  than  the  1:3:6 
mixture,  but  in  every  case  the  1:2:4  mixture  is  superior  to  both. 
The  strength  of  the  theoretical  mixture  is  approximately  what 
might  be  expected  from  a  proportional  reduction  in  the  ratio  of 
cement  to  the  total  quantity  of  coarse  aggregate  when  the  pro- 
portion of  coarse  aggregate  to  fine  aggregate  is  approximately  as 
2  to  1.  The  theoretical  proportions,  calculated  by  this  void 
method  for  gravel  aggregates  of  Table  12,  require  an  especially 
large  quantity  of  coarse  aggregates,  varying  from  6.2  parts  to  11.4 
parts.  Since  these  aggregates  which,  when  used  in  this  manner, 
require  large  volumes  of  coarse  aggregate,  have  usually  a  low  com- 
pressive strength,  it  should  be  kept  in  mind  that  any  reduction  in 
the  proportions  of  cement  to  total  aggregate  of  maximum  density 
usually  results  in  a  corresponding  reduction  in  strength. 

The  void  method  of  proportioning  concrete  is  often  used  upon 
the  assumption  that  great  density  is  obtained;  that  is,  it  is  assumed 
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that  the  total  volume  of  the  fine  and  coarse  aggregate  combined 
is  equal  to  the  original  volume  of  the  coarse  aggregate.  While 
density  tests  were  not  made  on  the  concretes  made  from  these 
particular  materials  a  comparison  of  the  weights  per  cubic  foot 


Fig.  17. — Effect  of  age  on  the  ratio  of  the  compressive  strength  of  8  by  16  inch  cylinders  to 
6-inch  cubes.     (See  Table  ij) 

of  the  theoretically  proportioned  concrete  and  the  1:2:4  and 
1:3:6  concretes  of  the  same  aggregates  indicate  that  there  is  not 
much  difference  in  density.  Fig.  16  shows  why  the  void  method 
of  proportioning  is  of  no  value,  as  the  relative  sizes  of  the  several 


Fig.  18. — Variation  of  yield  point  with  age  of  1-2-4  and  ZS-ti  concretes  in  which  granite, 
gravel,  and  limestone  aggregates  were  used.  (Test  pieces,  8  by  16  inch  cylinders.  See 
Tables  8  and  g.)  (Figures  denote  the  number  of  materials  averaged.  The  number  of 
test  pieces  represented  is  at  least  three  times  the  number  of  materials) 

materials  which  are  combined  is  not  considered  and  it  is  assumed 
that  a  quarter-inch  diameter  stone  will  fill  the  voids  in  stone 
particles  i  inch  or  smaller  in  diameter  without  wedging  them 
apart.     Due  to  the  wedging  action  of  the  small  particles  the  large 
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aggregate  is  forced  apart  so  that  the  density  of  the  mixture,  after 
water  and  cement  are  added,  is  certain  to  be  less  than  that  calcu- 
lated excepting  under  extraordinary  conditions. 

In  order  that  the  concrete  may  be  worked  into  place  with  the 
usual  methods  of  handling,  it  is  necessary  to  "  oversand  "  the  mix- 
ture to  a  certain  extent.  When  an  excess  of  sand  is  not  present, 
it  is  almost  impossible  to  secure  a  dense  mass  free  from  large  voids 
and  air  pockets,  although  calculations  may  indicate  that  such  a 
combination  of  sizes  should  give  the  denser  concrete.  A  slight 
increase  of  the  sand  content  over  that  theoretically  required  for 


Fig.  19. — Variation  of  initial  modulus  of  elasticity  with  age  of  1-2-4  and  I~3~^  concretes 
in  which  granite,  gravel,  and  limestone  aggregates  were  used.  {Test  pieces,  8  by  16 
inch  cylinders.  See  Tables  8  and  9.)  {Figures  denote  the  number  of  materials  aver- 
aged. The  number  of  test  pieces  represented  is  at  least  three  times  the  number  of  ma- 
terials) 

maximum  density  will  show  a  greater  calculated  void  space,  but 
in  practice  best  results  will  be  secured  with  such  a  combination. 

Table  14  includes  tests  of  all  cylinders  made  up  of  the  odd  pro- 
portions which  have  not  been  included  in  the  preceding  tables  due 
to  the  small  number  of  tests  of  any  single  mixture.  Direct  com- 
parison can  be  made  between  the  results  of  this  table  and  those  of 
the  preceding  tables. 

The  results  of  compression  tests  on  6-inch  cubes  are  shown  in 
-Tables  15  and  16.  In  these  tables  practically  all  the  aggregates 
used  in  the  cylinder  tests  are  represented  and  each  material  was 
used  in  a  number  of  different  proportions.  In  Table  15  are  shown 
the  four- week  results  of  tests  on  proportions  ranging  from  1:0:6 
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to  1:4:2  and  1:0:9  to  1:4:5.  Table  16  contains  the  results  of 
all  tests  up  to  one  year  of  the  theoretical,  1:2:4  and  1:3:6  pro- 
portions, which  were  the  only  mixtures  tested  at  periods  later  than 
four  weeks. 

The  results  here,  as  in  the  case  of  the  cylinder  tests,  show  that  it 
is  impossible  to  state  in  general  that  any  one  type  of  aggregate  is 
superior  to  another  as  an  aggregate  for  concrete,  especially  when  a 
sufficient  number  of  aggregates  to  fairly  represent  the  range  of 
quality  of  that  type  are  included.     The  cubes  have  greater  strength 


Fig.  20. — Variation  of  compressive  strength  with  age  of  1-2-4  an^  T~3~^  concretes  in 
which  granite,  gravel,  and  limestone  aggregates  were  used.  {Test  pieces,  8  by  16  inch 
cylinders.  See  Tables  8  and  g.)  {Figures  denote  the  number  of  materials  averaged. 
The  number  of  test  pieces  represented  is  at  least  three  times  the  number  of  materials) 

than  the  cylinders,  as  is  seen  by  comparing  the  results  of  these 
tables  with  those  of  Tables  8  to  14.  A  further  comparison  is  made 
in  Table  1 7  and  the  relation  of  the  ultimate  strength  of  the  cylin- 
ders to  cubes  is  shown  in  Fig.  17. 

In  Table  19  the  strength  attained  by  1:2:4  concrete  using  sea- 
shore sand,  of  which  99  per  cent  passed  the  No.  50  sieve,  should  be 
noted.  At  the  four- week  period  this  concrete  exceeded  the  value 
of  2000  pounds  per  square  inch  compressive  strength,  which  is 
ordinarily  considered  as  standard  for  that  mixture,  and  there  is  a 
constant  increase  in  strength  at  later  periods. 
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The  effect  of  age  on  the  ratio  of  yield  point  to  ultimate  com- 
pressive strength  of  granite,  gravel,  and  limestone  concretes  of 
1:2:4  and  1:3:6  proportions  are  shown  in  Fig.  18. 

In  Fig.  19  is  shown  the  variation  with  age  of  the  average  initial 
modulus  of  elasticity  of  granites,  gravels,  and  limestone  concretes 
of  1:2:4  and  1:3:6  proportions. 

Fig.  20  shows  the  average  ultimate  compressive  strength  of 
granite,  gravel,  and  limestone  concretes  in  1:2:4  and  1:3:6  pro- 
portions up  to  the  age  of  one  year. 

Typical  stress  strain  curves  are  shown  in  Fig.  21  for  one  aggre- 
gate which  seems  to  be  representative  of  many  of  the  aggregates 
at  the  age  of  one  month  for  various  proportions. 

All  results  of  tests  so  far  considered  would  indicate  that  the 
type  of  aggregate  is  no  guaranty  of  strength  in  concrete,  even 
though  strength  were  alone  due  to  the  materials  used,  but  that 
qualities  such  as  hardness,  shearing  strength,  and  gradation  of 
particles  are  of  even  more  importance. 

(B)  Quality  as  Affected  by  Method  of  Mixing. — In  Table 
18  are  shown  two  series  of  results  of  tests  on  concrete  cylinders 
in  which  all  variables  were  eliminated  except  the  workmanship  in 
mixing  the  concrete. 

All  materials  except  mixing  water  were  weighed  out  by  the 
laboratory  force  and  turned  over  to  the  forces  of  three  concrete 
construction  companies  designated  by  the  letters  A,  B,  and  C. 
A  similar  lot  of  materials  in  each  case  was  mixed  by  the  laboratory 
force. 

Each  company  used  its  own  judgment  in  the  process  of  mixing 
and  in  the  addition  of  water,  the  instructions  to  each  requiring 
that  the  work  be  carried  out  just  as  in  actual  construction  work. 
In  every  case  a  record  of  the  amount  of  water  used  was  kept  by 
the  laboratory  force. 

In  order  that  the  molding  might  be  done  in  a  uniform  manner, 
and  to  eliminate  any  errors  in  results  which  might  be  due  to  differ- 
ent methods  of  molding,  all  compression  test  pieces  were  made  by 
the  laboratory  force  and  stored  under  uniform  conditions  as 
described  below. 

The  test  pieces  marked  "  outside  "  were  molded  in  the  laboratory 
and  after  48  hours  the  molds  were  removed  and  the  cylinders 
placed  outside,  where  they  were  exposed  to  the  weather.  Those 
marked  "inside"  were  molded  in  the  laboratory  and  after  24 
hours  were  placed  in  the  damp  room,  where  they  were  sprinkled 
three  times  daily. 
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The  exact  method  of  mixing  the  concrete  as  employed  by  each 
contractor  was  as  follows : 

Company  A . — The  hand-mixed  concrete  was  prepared  by  spread- 
ing the  stone  out  in  a  thin  layer  on  a  cement  floor,  spreading  the 
sand  out  on  top  of  the  stone  and  the  cement  on  top  of  the  sand. 
The  material  was  then  formed  into  a  pile  by  four  men  shoveling 
in  the  outer  edges  of  the  layers.  The  material  was  then  turned 
into  a  second  pile  by  two  men,  from  which  two  others  would  turn 
it  into  a  third.  This  made  one  partial  dry  mix  by  shoveling  up 
the  original  pile  and  two  thorough  dry  turnings. 

Water  was  then  added  from  a  bucket,  the  shovelers  meanwhile 
cutting  the  pile  down  in  roughly  concentric  circles,  until  about 
three-fourths  of  the  total  water  was  added. 

The  wet  material  was  then  turned  twice  in  the  same  manner  as 
the  dry  material,  water  being  added  from  a  bucket  as  the  foreman 
thought  necessary.  In  order  to  arrive  at  the  percentage  of  water 
that  was  used,  the  weight  of  water  contained  in  a  full  bucket  was 
determined  and  a  record  kept  of  the  number  of  buckets  used  in 
each  batch. 

In  appearance  the  consistency  was  a  trifle  wetter  than  that 
described  as  quaking  consistency. 

The  machine-mixed  concrete  was  prepared  in  a  1  cubic  yard 
Chicago  cube  mixer  and  the  dry  material  in  the  proper  propor- 
tions was  delivered  to  the  charging  hopper  of  the  mixer  by  the 
laboratory  force.  The  material  on  being  dumped  into  the  mixer 
received  scarcely  any  dry  mixing,  water  being  added  almost 
immediately.  The  water  was  run  into  the  mixer  from  a  barrel 
which  rested  on  a  platform  scale  above  the  mixer.  The  con- 
tractor was  instructed  to  run  in  water  until  he  had  obtained  what 
he  considered  the  desired  consistency,  after  which  the  weight  of 
water  that  was  used  was  read  from  the  scale  and  recorded  by  the 
laboratory  force. 

The  mixer  was  dumped  as  soon  as  the  proper  amount  of  water 
had  been  run  in. 

Company  B. — A  slightly  different  method  was  followed  when 
mixing  the  concrete  for  inside  and  outside  use.  The  change  in 
the  method  of  mixing  was  not  made  because  the  concrete  was  to 
be  used  outside,  but  because  the  contractor  thought  he  could 
work  more  rapidly  with  the  new  method  of  mixing. 

All  hand  mixing  of  concrete  used  outside  was  done  on  a  cement 
floor  by  four  men  with  shovels.  The  dry  material  was  delivered 
on  the  floor  in  the  same  order  and  was  mixed  in  the  same  manner 
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as  was  that  used  by  company  A.  It  was  cut  down  into  a  layer 
about  8  inches  deep  with  the  edges  somewhat  higher  than  the 
center.  Water  was  then  run  in  from  a  hose  attached  to  a  water 
barrel  mounted  on  a  platform  scale,  the  concrete  at  the  same  time 
being  cut  into  with  a  spade.  Almost  all  the  water  was  added  at 
this  time,  the  remainder  being  put  in  while  the  wet  concrete  was 
being  mixed.  The  amount  of  water  to  be  used  was  left  entirely 
to  the  judgment  of  the  contractor,  a  record  of  the  amount  used 
being  kept  by  the  laboratory  force. 

The  edges  of  the  pile  were  thrown  in  toward  the  center,  after 
which  the  concrete  was  mixed  by  shoveling  into  two  piles,  being 
cut  into  with  shovels  at  the  same  time. 

For  the  concrete  used  inside  the  dry  material  was  delivered  on 
the  floor  in  the  same  order  as  previously  described,  but  each 
material  was  not  first  spread  out  before  the  next  was  added. 
When  all  the  material  had  been  delivered,  it  was,  consequently,  an 
irregular  pile  instead  of  in  three  uniform,  comparatively  thin 
layers.  From  this  pile  two  men  turned  the  dry  material  into  a 
second,  while  a  third  man  continued  to  shovel  the  first  pile  into 
a  pyramid,  thus  turning  some  of  the  material  before  it  was  turned 
into  the  second  pile.  The  dry  material  was  mixed  twice  in  this 
manner. 

Instead  of  spreading  the  material  out  into  a  shallow  trough 
before  turning,  only  a  portion  of  the  dry  material  was  leveled  off 
on  one  side  of  the  pile  and  water  added  from  a  hose  while  two 
men  turned  the  mixture.  When  sufficient  water  had  been  added 
the  concrete  was  turned  twice  in  the  same  manner  as  was  the  dry 
material. 

For  the  machine-mixed  concrete  the  contractor  followed  the 
same  method  as  the  previous  contractor,  in  that  water  was  run 
into  the  mixer  as  soon  as  the  dry  material  was  dumped  into  it  by 
the  charging  hopper.  As  soon  as  all  the  water  had  been  added, 
the  mixer  was  tilted  and  the  concrete  dumped  on  the  cement 
floor.  This  was  the  most  fluid  concrete  used  in  these  tests,  the 
percentage  of  water  being  almost  14  per  cent,  while  the  next 
lowest  was  about  1 1  per  cent.  The  concrete  was  so  wet  that  when 
dumped  on  the  floor  a  mass  of  about  0.6  cubic  yards  would  lie  in 
a  pile  about  4  inches  high,  while  the  surface  of  the  gravel  appeared 
comparatively  clean,  little  mortar  seeming  to  stick  to  it. 

The  compression,  cylinders  were  molded  by  the  laboratory  force 
by  placing  the  concrete  in  approximately  3 -inch  layers  and 
tamping.     The   agitation  of  such   a  wet  material  composed  of 
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particles  differing  greatly  in  size  resulted  in  its  separation,  so 
that  when  the  cylinders  were  tested  the  top  of  the  cylinder  was 
found  to  consist  of  almost  all  the  gravel  mixed  with  a  little  mortar, 
while  the  bottom  contained  the  cement,  sand,  and  smaller  aggre- 
gate. 

Failure  took  place  on  the  line  separating  tne  fine  and  the  coarse 
material,  and  the  strength  is  in  all  probability  not  governed  entirely 
by  the  percentage  of  water. 

Company  C. — The  hand-mixed  concrete  was  prepared  on  a 
cement  floor  by  four  men  with  shovels.  A  layer  of  stone  was  first 
placed  on  the  floor,  then  a  layer  of  sand,  and  lastly  the  required 
amount  of  cement.  The  pile  was  then  shoveled  out  into  a  layer 
about  8  inches  deep.  Four  men  started  at  the  four  corners  of  the 
pile,  two  in  each  case  shoveling  toward  each  other.  This  separated 
the  larger  layer  into  two  piles.  After  the  concrete  had  been 
separated  in  this  way,  two  men  shoveling  from  each  of  the  two 
piles  turned  the  dry  concrete  back  into  one  pile,  after  which  it  was 
spread  out  in  a  layer  about  8  inches  deep. 

Nearly  all  the  water  was  then  added,  the  concrete  being  cut  into 
with  shovels  to  aid  the  penetration  of  the  water  to  the  interior. 
The  material  was  mixed  wet  in  a  manner  similar  to  the  dry  mix, 
more  water  being  added  whenever  the  concrete  seemed  a  little  dry. 

The  consistency  of  the  concrete  used  corresponded  very  closely 
to  that  described  in  this  paper  as  mushy,  although  it  was  slightly 
wetter. 

The  machine-mixed  concrete  was  prepared  in  substantially  the 
same  manner  as  was  that  used  by  the  preceding  contractors. 
Water  was  added  to  the  dry  material  as  soon  as  it  had  been  dumped 
into  the  mixer  and  the  mixer  tilted  as  soon  as  all  the  water  had 
been  added. 

Laboratory  force. — The  method  employed  in  preparing  the 
machine-mixed  concrete  was  to  dump  the  dry  materials  into  the 
mixer,  which  was  turned  for  two  minutes  when  the  water  was 
added  to  give  a  quaking  or  mushy  consistency  and  the  mixing 
continued  for  three  minutes  more.  As  the  material  was  dumped 
on  the  floor  it  appeared  somewhat  lumpy  and  stood  in  a  pile  with 
steep  slopes. 

The  results  of  tests  are  shown  in  the  table  for  both  1:2:4  and 
1:3:6  mixtures.  The  latter  included  both  gravel  amd  limestone 
concretes,  both  hand  and  machine  mixed;  the  1 :  2:4  concrete  was 
made  of  gravel  aggregate  and  was  machine  mixed.     Since  the 
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curing  conditions  were  entirely  different,  no  comparison  can  be 
made  between  the  cylinders  stored  "outside"  and  those  stored 
"  inside  "  with  respect  to  workmanship  or  method  of  mixing.  The 
tests  of  cylinders  stored  under  similar  conditions,  however,  give  a 
direct  comparison  of  the  range  of  values  which  may  be  expected 
when  only  workmanship  in  mixing  is  concerned. 

The  following  results  were  obtained  with  1:3:6  gravel  and  lime- 
stone concrete  mixtures : 

(a)  Hand-Mixed  1:3: 6  (by  volume)  Gravel  Concrete  Stored  Exposed 
to  Weather. — At  four  weeks  the  average  of  each  company's  output 
had  a  range  from  441  to  864  pounds  per  square  inch,  or  96  per  cent 
of  the  lowest  average,  which  is  that  of  company  B.  The  range  of 
results  of  single  test  pieces  is  573  pounds,  or  130  per  cent.  At  13 
weeks  the  range  of  averages  is  from  577  to  852  pounds,  or  48  per 
cent;  and  of  single  results  is  439  pounds,  or  77  per  cent.  At  both 
periods  the  highest  strength  was  obtained  by  company  A,  second 
by  company  C,  and  third  by  company  B,  inversely  in  order  of  the 
amount  of  water  used.  There  was  no  increase  in  strength  at  the 
second  period  of  the  concrete  made  by  company  A,  while  company 
B,  using  the  largest  amount  of  water,  showed  the  greatest  gain  in 
strength  with  age. 

(b)  Hand-Mixed  1:3:6  (by  volume)  Gravel  Concrete  Stored  in 
Laboratory. — At  four  weeks  the  range  of  average  values  for  the 
various  contractors  was  from  384  to  622  pounds  per  square  inch, 
or  62  per  cent  of  the  lowest,  and  the  range  of  single  results  was  374 
pounds,  or  86  per  cent. 

At  13  weeks  the  range  of  averages  was  from  748  to  13 13  pounds, 
or  75  per  cent,  while  the  range  of  single  results  was  121 7  pounds, 
or  217  per  cent.  Company  C,  at  four  weeks,  using  9.4  per  cent 
water  (the  minimum),  obtained  an  average  strength  of  384 
pounds,  by  far  the  lowest  of  the  three,  while  at  13  weeks  com- 
pany B,  using  10.8  per  cent  water  (the  minimum)  at  this  period, 
obtained  a  maximum  strength  of  13 13  pounds,  considerably  in 
excess  of  the  other  two  companies.  At  this  age  company  C 
obtained  with  1 1  per  cent  of  water  a  value  of  only  827  pounds  per 
square  inch,  which  is  only  slightly  higher  than  company  B 
obtained  at  four  weeks  with  only  0.2  per  cent  less  of  water. 

(c)  Machine-Mixed  1:3:6  (by  Volume)  Gravel  Concrete  Stored 
Exposed  to  Weather. — The  only  set  of  test  pieces  treated  in  this 
manner  were  prepared  by  the  laboratory  force  and  can  best  be 
compared  with  the  "  Hand-mixed  cured  outside,"  first  referred  to. 
At  four  weeks,  using  9.8  per  cent  water,  the  results  obtained  were 
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exceeded  by  company  A  with  10.9  per  cent  of  water,  but  at  13 
weeks  the  results  obtained  by  company  A  were  exceeded  about 
25  per  cent,  using  only  0.1  per  cent  less  water. 

(d)  Machine-Mixed  1:3:6  (by  Volume)  Gravel  Concrete  Stored 
in  Laboratory. — This  set  includes  specimens  made  from  concrete 
prepared  by  the  laboratory  force,  as  well  as  by  the  contractors. 
At  four  weeks  the  range  of  averages  was  from  558  to  1027  pounds, 
or  84  per  cent,  and  the  range  of  single  results  was  588  pounds,  or 
109  per  cent.  At  13.  weeks  the  range  of  averages  was  from  937 
to  1606  pounds,  or  71  per  cent,  and  the  range  of  single  values  was 
768  pounds,  or  88  per  cent. 

The  highest  values  at  both  periods  were  obtained  by  the  labora- 
tory force,  which  used  the  lowest  percentage  of  water  in  mixing 
while  the  lowest  results  were  obtained  by  company  B,  which  used 
the  highest  percentage  of  water.  At  both  periods  and  including 
all  four  sets  of  results  the  strength  varied  inversely  as  the  percent- 
age of  mixing  water,  with  the  exception  of  the  results  of  company 
B.  The  results  obtained  by  machine  mixing  were  from  30  to 
90  per  cent  in  excess  of  those  obtained  by  hand  mixing.  It  is 
very  probable  that  the  failure  of  company  B  to  obtain  superior 
results  with  the  machine  was  due  to  the  large  excess  of  water 
used. 

(e)  Hand-Mixed  1:3:6  (by  Volume)  Limestone  Concrete  Stored 
Exposed  to  Weather. —  The  concrete  prepared  by  the  laboratory 
force  was  machine  mixed.  The  range  of  average  results  at  four 
weeks  was  from  390  to  951  pounds  per  square  inch,  or  144  per 
cent,  and  the  individual  results  603  pounds,  or  166  per  cent. 
At  13  weeks  the  range  of  averages  was  from  556  to  1222  pounds 
per  square  inch,  or  120  per  cent,  and  for  the  individual  was  843 
pounds,  or  160  per  cent.  Here,  again,  the  strength  varied 
inversely  as  the  percentage  of  water.  At  the  13-week  period  the 
range  of  results  obtained  by  company  C  was  especially  great, 
being  794  pounds,  or  137  per  cent.  In  all  cases  there  was  a  good 
increase  in  strength  at  the  13 -week  over  the  4- week  period. 

(f)  Machine-Mixed  1:2:4  (by  Volume)  Gravel  Concrete  Stored 
Exposed  to  Weather. — At  four  weeks  the  range  of  averages  was 
from  1443  to  2312  pounds  per  square  inch,  or  103  per  cent,  and 
the  range  of  single  results  was  1378  pounds,  or  113  per  cent.  At 
13  weeks  the  range  of  averages  was  from  1890  to  2809  pounds  per 
square  inch,  or  53  per  cent,  while  the  range  of  individual  results 
was  1023  pounds,  or  59  per  cent. 

17153°— 16 i 
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The  highest  strength  was  obtained  by  the  laboratory  force 
followed  by  companies  C,  B,  and  A.  The  smallest  amount  of 
water,  8.9  per  cent,  was  used  by  the  laboratory  followed  by  com- 
panies C  and  B,  both  using  9.4  per  cent,  and  company  A  with  11 
and  10.3  per  cent. 

In  the  case  of  the  laboratory  results,  the  increase  at  13  weeks 
is  slight,  while  there  was  a  slight  decrease  on  the  part  of  com- 
pany C.  Good  increases  in  strength  were  shown  by  both  com- 
panies B  and  A,  and  it  is  noticeable  that  in  the  case  of  company 
B  the  value  at  four  weeks  was  20  per  cent  less  than  that  of  com- 
pany C,  which  used  the  same  amount  of  water,  and  at  the  13- week 
period  the  strength  of  concrete  prepared  by  company  B  was  still 
below  that  attained  by  company  C  at  the  4-week  period.  This  is 
a  case  where  two  concretes  have  practically  the  same  ultimate 
strength,  attained  in  one  case  by  increasing  with  age  and  in  the 
other  by  the  falling  off  of  a  high  initial  strength.  This  average 
result  is  not  due  to  a  single  abnormally  low  result  at  the  13 -week 
period,  but  all  test  pieces  showed  lower  compressive  strengths 
than  at  the  4-week  period. 

(g)  Machine-Mixed  1:2:4  (by  volume)  Gravel  Concrete  Stored  in 
Laboratory. — At  the  4-week  period  the  range  of  averages  was  from 
1443  to  2312  pounds  per  square  inch,  or  60  per  cent,  and  of  the 
single  values  was  1327  pounds,  or  114  per  cent.  At  13  weeks  the 
range  of  averages  was  from  1890  to  2809,  or  53  per  cent.  Again, 
the  strength  varies  inversely  as  the  amount  of  mixing  water.  The 
gain  in  strength  at  the  13 -week  period  over  the  4-week  period  is 
greater  in  every  case  than  in  the  preceding  set. 

The  values  given  in  Table  18  are  shown  graphically  in  Fig.  22. 

These  results  show  that  the  greatest  variation  in  strength  is 
due  to  the  use  of  varying  quantities  of  water,  but,  with  practically 
the  same  quantity  of  water  and  with  all  other  conditions  the  same 
excepting  the  actual  mixing  of  the  materials,  variations  of  as 
much  as  70  per  cent  in  compressive  strength  are  obtained. 

(C)  Quality  as  Affected  by  the  Method  of  Molding. — In 
Table  19  are  shown  results  of  tests  on  concrete  cylinders  molded 
above  and  below  water.  In  many  cases  it  is  not  possible  to  remove 
water  readily  from  places  in  which  concrete  is  to  be  deposited  and 
it  becomes  necessary  to  place  the  concrete  through  water.  One 
common  method  in  use  is  to  employ  the  pipe  or  tremie,  whose 
lower  end  is  kept  just  below  the  surface  of  the  mass  being  deposited, 
so  that  there  is  no  intermixture  of  the  concrete  and  the  surrounding 
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water  while  being  conveyed  to  the  point  of  deposit.  The  operation 
of  filling  the  cylinder  molds  in  this  particular  series  of  tests  has 
already  been  described. 

The  results  indicate  that  there  is  a  considerable  reduction  in 
strength  of  concrete  deposited  in  this  manner,  especially  in  the  case 
of  the  leaner  mixtures,  such  as  the  i :  3 : 6,  in  which  the  reduction  was 
overdo  per  cent  at  the  one-year  period.  This  result  should  be  con- 
sidered with  caution,  however,  as  it  is  probable  that  with  larger 
masses  and  a  large  tremie  the  surface  effect  of  the  form  would  be 
negligible  and  there  would  be  less  segregation  than  occurred  with 
the  specimens  molded.  In  the  case  of  the  1:2:4  proportion  the 
concrete  placed  through  the  tremie  reached  about  70  per  cent  of 
the  value  obtained  from  concrete  deposited  in  the  usual  manner, 
and  there  was  a  constant  gain  in  strength  at  each  period  of  testing. 
The  chief  problem  is  to  keep  the  surrounding  water  from  segre- 
gating the  materials  while  the  concrete  is  deposited,  as  is  shown 
toy  the  tests  on  concrete  cylinders  which  were  immersed  with  the 
mold  immediately  after  the  concrete  was  deposited.  The  strength 
in  these  cases  was  only  slightly  less  than  that  of  specimens  molded 
and  stored  in  a  moist  atmosphere  in  the  usual  manner. 

(D)  Quality  as  Affected  by  Consistency. — As  was  indicated 
in  the  previous  section  on  "mixing, "  the  strength  of  a  mortar  or 
concrete,  especially  at  the  early  periods,  is  effected  to  a  consider- 
able extent  by  the  consistency  or  the  proportion  of  mixing  water. 

The  results  given  in  Table  2  show  the  effect  of  varying  the 
amount  of  water  in  a  mortar  of  various  proportions.  In  the 
mixture  of  1  part  cement  to  2  parts  sand  there  is  a  difference  in 
strength  at  28  days  between  the  plastic  and  dry  consistencies  of  2499 
pounds,  or  275  per  cent,  while  at  6  months  the  difference  is  191 7 
pounds,  or  about  120  per  cent. 

The  range  of  values  for  the  leaner  mixtures  is  less  than  the 
above,  but  is  large  enough  to  indicate  that  consistency  is  one  of 
the  variables  which  largely  controls  the  strength. 

In  Table  20  are  shown  results  of  tests  of  concrete  cylinders  made 
with  varying  percentages  of  mixing  water.  These  results  are 
incomplete  and  unfortunately  were  not  carried  out  as  originally 
planned.  They  are  sufficient,  however,  to  indicate  that  the 
strength  at  the  early  ages  is  materially  affected  by  the  quantity 
of  water  used  in  mixing  the  concrete.  In  the  case  of  the  limestone 
concrete  maximum  strength  was  obtained  with  8  per  cent  of  water 
and  in  the  other  case,  with  gravel  concrete,  with  6  per  cent  of 
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water.  In  the  case  of  the  limestone  concrete  it  is  evident  that  3 
per  cent  excess  over  the  amount  required  for  maximum  strength 
causes  a  reduction  in  strength  of  over  50  per  cent,  while  the  use 
of  3  per  cent  less  than  the  maximum  causes  a  reduction  of  about 
33  per  cent.  The  effect  of  an  excessive  amount  of  water  is  even 
more  marked  where  gravel  is  used  as  a  coarse  aggregate, 
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Fig.  23. — Relation  of  consistency  of  mixtures  of  Portland  cement  concretes  to  the  com- 
pressive strength.     (Test  pieces,  8  by  16  inch  cylinders) 

In  Table  21  are  given  results  of  another  series  of  tests  on  gravel 
and  limestone  concretes  tested  at  the  age  of  1,  4,  and  13  weeks. 
These  results  are  substantially  the  same  as  those  of  Table  17. 
The  great  variation  in  strength  with  quantity  of  water  used  in 
mixing  the  concrete  is  strikingly  shown  in  Fig.  23. 
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A  further  idea  of  the  effect  of  varying  the  quantity  of  mixing 
water  can  be  obtained  from  Table  22,  which  contains  the  results 
of  tests  on  both  cubes  and  cylinders,  made  up  of  1:2:4  mixtures 
of  granite,  limestone,  and  gravel,  and  a  1:2:5  mixture  of  cinders, 
for  periods  of  4,  13,  26,  and  52  weeks.  In  every  case  fluid,  mushy, 
and  quaking  consistencies  were  used. 

In  the  case  of  the  cube  tests  it  will  be  found  that  the  quaking 
consistency  gave  the  highest  results  in  all  but  a  few  cases,  when  it 
was  exceeded  by  the  mushy  consistency  concrete.  The  same  is 
also  true  for  the  cylinder  tests,  although  in  many  cases  there  is 
little  difference  between  either  of  the  three  consistencies.  It  is 
noticeable  that  the  strength  of  the  drier  mixtures  is  usually  higher 
at  the  early  periods,  and  therefore  the  gain  in  strength  is  propor- 
tionally less  at  the  2 6- week  period. 

During  the  past  few  years  it  has  become  the  practice  on  large 
concrete  construction  jobs  to  mix  the  concrete  at  a  central  point 
and  convey  the  mixture  to  the  various  parts  of  the  structure  by 
means  of  a  tower  and  chutes.  That  this  method  has  proven  very 
economical  for  the  contractor  is  shown  by  its  almost  universal  use 
on  large  work;  but  the  quality  of  the  concrete  in  place  has  appar- 
ently been  a  secondary  consideration.  It  is  possible  that  good 
quality  concrete  is  obtained  when  the  materials  are  handled  in  this 
manner,  but  it  is  probable  that  the  strength  obtained  is  very  much 
less  than  what  it  should  be  for  the  same  materials  properly  mixed 
to  a  drier  consistency.  Throughout  all  the  tests  included  in  this 
paper  where  fluid  and  mushy  or  quaking  consistencies  are  used  the 
mushy  or  quaking  consistencies  invariably  give  the  greater 
strength.  The  consistency  of  the  concrete  normally  used  in 
spouting  is  usually  much  wetter  than  any  used  in  these  tests. 

Another  fault  of  the  fluid  or  watery  consistency  is  its  tendency 
to  segregate  when  placed  in  the  form.  The  heavy  aggregate 
settles  just  below  the  chute  or  spout,  and  the  soupy  mixture  of 
cement  and  fine  sand  or  dirt,  if  the  aggregate  be  at  all  dirty,  flows 
to  the  outer  face  and  corners  of  the  form.  It  is  this  segregation 
which  undoubtedly  accounts  for  the  crazing  and  cracking  of  the 
surface  of  many  retaining  walls  and  other  similar  structures. 

In  the  field  there  is  often  formed  in  concrete  structures  which 
are  made  of  watery  mixtures  a  layer  of  relatively  inert  fine  mate- 
rial, which  floats  on  the  surface  as  the  concrete  is  deposited  and  is 
usually  left  in  place  between  day's  work,  forming  a  weak  hori- 
zontal layer  or  seam  in  the  wall.     This  weak  layer,  if  at  the  top  of 
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the  wall,  is  often  referred  to  as  "laitance."  It  may  be  from  a 
fraction  of  an  inch  to  several  inches  in  thickness.  If  the  wall  is 
exposed  to  the  weather,  this  weak  section  may  be  cracked  and 
eroded,  as  is  often  observed  in  retaining  walls  and  arches.  This  is 
particularly  apparent  if  the  structure  is  exposed  to  seepage  water. 
Much  of  this  trouble  can  be  obviated  by  the  use  of  drier  mixtures. 

Too  much  emphasis  can  not  be  placed  on  the  objection  to  using 
an  excess  of  water  in  mixing  concrete. 

The  most  satisfactory  consistencies  for  concretes,  from  the  stand- 
point of  strength  and  durability,  are  the  quaking  and  mushy 
mixtures  and  the  error  should  be  on  the  side  of  using  too  little 
rather  than  too  much  water,  providing  the  concrete  is  properly 
spaded  or  worked  into  place  in  the  forms. 

Figs.  23  and  24  show  that  a  variation  in  the  amount  of  water 
may  cause  a  variation  in  strength  of  from  200  to  300  per  cent. 

(E)  Quality  as  Affected  by  Density. — In  Tables  23  to  25  are 
shown  the  results  of  several  series  of  tests  made  to  determine  the 
relation  between  compressive  strength  and  density  of  concrete. 
Table  23  comprises  tests  of  a  large  number  of  different  proportions 
in  which  stone  388  is  combined  separately  with  sand  184  and  sand 
185.  The  amount  of  cement  to  the  total  quantity  of  aggregate  in 
all  cases  bears  the  relation  of  1  to  6  or  1  to  9.  The  relation  between 
density  and  strength  for  these  aggregates  is  shown  in  Fig.  25. 

Of  the  concrete  made  with  sand  184  maximum  strength  was 
obtained  with  the  1:1:5  mixture,  while  the  concrete  of  maximum 
density  was  the  i:>2:5K>  which  ranked  third  in  strength.  The 
1:0:6  mixture  was  second  in  strength  and  third  in  density.  The 
range  in  strength  among  these  three  was  259  pounds,  while  the 
density  range  was  0.023.  Again,  the  1:2:4  mixture  shows 
slightly  higher  strength  than  the  1:  i%:^.%,  whose  density  was 
slightly  greater.  In  the  1 :  9  proportion  the  strength  varies  as  the 
density,  except  that  the  i\i}4'.  7  %.  mixture  which  is  second  in 
density  has  slightly  the  highest  strength. 

Of  concretes  made  up  of  sand  185  fewer  tests  were  made,  but 
in  every  case  the  strength  varied  as  the  density  of  the  resulting 
mixture.  From  these  results  it  seems  reasonable  to  believe  that 
with  any  given  aggregate  and  the  same  proportion  of  cement,  the 
strength  will  vary  with  the  density,  so  that  to  obtain  a  concrete  of 
maximum  strength  with  the  given  materials,  a  concrete  of  maxi- 
mum density  should  be  prepared.  This  will  not  hold  true  for 
concretes  made  of  two  different  types  or  qualities  of  coarse  aggre- 


Strength  of  Concretes  and  Mortars 


57 


^TSUOQ 


S-*-T 


<g  co       9-2-T 


i-3-I 


o  •  «    »    - 

U  60 

60© 

«8     e-e 


ofe         £""3 


s*s-g*-T 


g-^-X 


9-2-x 


Z.-3-T 

O 

A-S'T-T 

<D<* 

W  H 

8-T-T 

to  W 

<D    I 

6-0-1 

05  © 

60 +> 

©  a) 

e-s-t 

«J    60 

to 

©«j 

0} 

(H    © 

a)  a 

fr-3~T 

o  -H 

O    (x< 

g. 

fr-S'I-T- 

S*S-S'0-T 


§  8 

•aj   -bs  ied   *8CiX— q*2a9J3.ff  ©AfSseadaQO 


58 


Technologic  Papers  of  the  Bureau  of  Standards 


A^TBasff 

S  o    o     o    o  o 

goo     o     o  o 

O    o»    ao     £     <o  <o 


8    ^ 

o 


COARSE  AGGREGATE 

Gravel  627 
FINE  AGGREGATES 

ggnd  194   Sand  195   Soreenlngs 
429 

2-2-1 

r-3-t            1 
9-T-X 

1 

t-Z-T 
9-T-I 

\ 

» 

2-2-T 

9-I-T 

loua 

1        s 
iS      s 

I                * 

CO                 o     CO 

s   Is 

e*      w    _,            >»    OB 

■"»     g>    a          **     ? 

sss «      g| 
gSg-3          | 

1 

2-2-T 
v-3-X 

2-2-1 
v-3-t 
9-T-I 

• 

2-2-t 
v-3-I 
9-t-t 

■ 

7 

T 

9-0-1 

9'f-O-I 

•<* 

COARSE  AGGREGATE 

Trap  Rock  525 

firm   AGGREGATES 

Sand  194      Sand  195   Soreenln 

v-2-I 

9-I-I 

2-2- 1  ^^T 

^3-1 

S-I-I 

2-2-1 

r-3-T 

3not3.JO(foJ.j 

8   ^ 
.4 


If 

i  -s 

"a   I 

§  ■§ 

tj 


•Ui  'ta  «d  •eqt-TuStra^s  eATsaejtdtnoo  •%**\ 


«n 


V 


Strength  of  Concretes  and  Mortars 


59 


lllQUQG 


COARSE  AGGREGATE 
Gravel  537 

FINE  AGGREGATES 
Sand  194    Sand  195    Screenings  429 

O 
O 
O 

•4 

9HHf 

9-e-t 

o 
o 

o 

8 

i 

8 

o 
o 

o 

o 

US 

8 

o 

A-3-I 

9-S-I 

a 

1 

£-3-1 

9-e-i 

m 

P 

i-3-T 

COARSE  AGGREGATE 
Gravel  526 

FINE  AG0RE0ATE8 
None   Sand  194   Sand  195   Screenings  429 

3   s-fr-t 
g  9-2-1 

J! 

6-  5 

S   |     9-2-1 
as    g 

J  °       *** 

U     1        ... 

% 

?. 

' 

> 

9-€-I 
4-3-1 

i 

>• 

r 

_ 

6-0-1 

c 

at 

as 

a 

a 
e 
« 
h 

o 
M                       m 

t»  «         80 
«<  M          W 

S*    ss  § 

C  «         O      H 

o  o       w 
o  o       cc    -& 
■*,  a       o     a 

O       <3 
WO,         <      OT 
03    4 

cs  »h       u 
^  (-       » 

O                   M 

O               fa.      « 
0» 
H 

§ 

03 

«<*-* 

■ 

¥* 

1 

1 

9-C-J                 ' 

f 

1 

A-2-I 

sf 

; 

> 

.  wmt 

S->-T 

■ 

* 

^^^^  ' 

9-S-T 

m 

■i 

r 

8trofq[jod[ojj 

I 

Si. 


.a 


S    8 


S3 
el 
°»   £■ 

.8* 

S  ""3 

«  8 

P>  « 

-Si  > 

■8  5 

g  g 

S  -2 

8  • 
©  <^ 
v>    8 

£  8 
8  .3 

•8  1 

"2  ,« 

S  41 

"^  Si 
<i>    ^ 

.?*     - 

11 


H,  «0 


6o 


Technologic  Papers  of  the  Bureau  of  Standards 


ATSU9(T 


8    8 


r» 
w 

1 

2 

o 

% 

o 

I 

a 

w 

CO 

8 

CO 
10 

ba 
c 

© 

0) 
h 
O. 
CQ 

0» 

•d 

W     CO 

o 

L-l 

9"* 

-1 

5. 

bbC 

_ 

9-* 

,-: 

«lUi 

1 

9-2- 

S-fr-1  | 

Um 

CJ 
lO 

H 

| 

£3 

<1 

o 

1 

< 

1 

o 

w 

sf 

to 

U> 
O 

c 
o 
9 

O 

to 

U) 
0» 
rH 

TS 

to 

w   o> 

%  H 

O     -a. 

a  § 

o   to 

o 

"4  . 

E3   • 

CO 

« 
£  w 
5   * 

< 

1 

| 

w   m 

s  ® 
«  3 

1 

I 

4-2-1 

i 

> 

1       1     J 

6-0-T  IMF 

Hi 

N 

^ 
o 
o 

re 

Pi 
a) 
U 

EH 

B 

d 

a 

o 
o 

o 
o 

eri' 

CM 
^ 

a 

M 

a1 

a 
o 
® 

O 

to 

lO 

a> 

e|! 

ci  » 
S3 

o 

o 

S  H 

fa      O 

a 

CO 

s- 

4-2-1 

9-2-1 
i- 

S-V-T     | 

i- 
suot^ 

2 

jodoa^r 

§3. 

4to 


si 


1 


■s  a 

a  8 


SO 


tioa^'bo  aed   *sqi-  •t^arrojas  SAfesejcTcaoo  ©!J.w»T?.Tij 


Strength  of  Concretes  and  Mortars 


61 


*o '  Q     o     o 


o     o»    co 


s  °< 

"°     ^ 

^    . 

•ft,  »« 
a  •« 

I? 

»   § 

§  * 

c-,    •«» 


8    -S 

?  • 

>i 

8  & 
^  8 
^3    ^ 


£     8 

i<3 


it 


09 


Q\ 


^out  e.nmt>8  j9d  sptrood  -  q*3wwr*s  SATss9Jctaoo  ©*«imn 


3    S 

-ft,  3 
o    8 

VI 


62  Technologic  Papers  of  the  Bureau  of  Standards 

gate,  since  the  variation  in  shape  of  the  particles  as  well  as  their 
gradation,  hardness,  and  shearing  strength  will  be  a  factor. 

In  Table  24  is  included  a  series  of  density-yield-compressive 
strength  tests  made  with  stone  147  as  coarse  and  fine  aggregate  in 
the  form  of  6-inch  cubes.  In  the  1 :  9  proportion  of  total  aggregate 
it  is  seen  that  maximum  strength  was  attained  by  the  1:3:6 
mixture,  with  a  density  of  0.814,  while  next  in  strength  was  the 
1:2:7,  with  a  density  of  0.823.  The  1:1:8  mixture,  which  had 
a  density  of  0.818,  ranked  third  in  strength.  The  density  value 
of  the  1:2:4  mixture  can  not  well  be  compared  with  the  above  on 
account  of  the  difference  in  quantity  of  cement  used.  Here,  again, 
it  is  seen  that  a  high  strength  is  accompanied  by  a  high  density, 
although  the  maximum  of  one  may  not  be  associated  with  the 
maximum  of  the  other. 

The  results  of  the  tests  of  gravel  concretes  given  in  Tables  24 
and  25  also  indicate  that  there  is  a  relation  between  density  and 
strength  and  that  a  maximum  density  will  insure  a  high  compressive 
strength,  although  not  necessarily  the  highest.  In  every  case  the 
lower  strengths  will  be  found  among  those  mixtures  having  the 
lower  densities. 

Throughout  all  of  the  above  tests  it  should  be  noted  that  in 
attempting  to  obtain  the  same  apparent  consistencies  for  all  pro- 
portions it  was  necessary  to  vary  the  water  percentages,  and  in 
some  cases  it  is  very  possible  that  higher  strengths  might  have 
been  obtained  by  the  use  of  slightly  higher  or  lower  percentages 
of  water. 

In  Table  26  is  given  the  results  of  a  series  of  tests  in  which 
three  coarse  aggregates  have  been  combined  with  three  different 
fine  aggregates. 

These  results  show  the  relative  compressive  strength  which 
may  be  obtained  by  combining  several  fine  aggregates  with  the 
same  coarse  aggregate;  also  the  results  of  the  combination  of  the 
same  sand  with  three  aggregates. 

In  Table  26,  series  2,3,  and  4,  trap  rock  525  is  combined  with 
the  three  fine  aggregates  sand  194,  195,  and  screenings  429  in  the 
same  proportions.  In  every  case,  considering  the  1 :6  mixture, 
maximum  strength  was  obtained  in  the  1:2:4  proportion,  but 
minimum  strength  was  attained  in  series  2  and  4  with  the  1:3:3 
mixture  and  in  series  3  with  the  1:1:5  mixture. 

In  series  5,  6,  and  7  the  three  fine  materials  were  combined 
with  pit-run  gravel  526,  of  which  38.5  percent  passed  the  %-inch 
screen.     With  the  exception  of  the  1:1:5  proportion  of  series  5, 
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any  addition  of  more  fine  material  in  the  form  of  sand  resulted 
in  a  lowered  compressive  strength,  and  it  should  also  be  noted  that 
any  such  addition  resulted  in  a  lower  density  of  the  concrete. 

The  results  throughout  show  that  there  is  a  direct  relation 
between  density  and  strength;  the  strength  apparently  varying 
directly  as  the  density  when  the  relative  quantity  of  cement  to 
sand  is  a  constant.  The  compressive  strength  and  density  tests 
of  Table  26  are  shown  diagrammatically  in  Figs.  26  to  29. 

In  Table  27  the  effect  on  the  compressive  strength  of  the  addi- 
tion to  the  concrete  of  large  amounts  of  coarse  aggregate  should 
be  noted.  Concrete  composed  of  1  part  cement  to  2  parts  of 
trap  screenings  429  and  4  parts  gravel  527  was  prepared  and  to 
this  mixture  was  added  large-size  trap  rock  524  in  the  propor- 
tions of  25,  50,  75,  and  100  per  cent  of  the  volume  of  gravel  used. 
The  resulting  mixtures  then  became  1:2:4:1,  1:2:4:2,  1:2:4:3,  and 
1:2:4:4,  the  last  figure  in  each  proportion  representing  the  number 
of  parts  of  trap  rock  524  added.  Expressed  as  cement,  fine  and 
coarse  aggregate,  the  proportions  by  volume  are,  respectively, 
1:2:5,  1:2:6,  1:2:7,  and  1:2:8.  In  every  case  the  addition  of  the 
large  coarse  aggregate  resulted  in  a  higher  strength  than  was 
attained  by  the  1:2:4  gravel  concrete. 

Since  the  densities  of  these  concretes  were  not  determined  it 
can  not  be  stated  which  mixture  was  the  densest,  but  it  is  very 
probable  that  all  mixtures  to  which  the  stone  524  was  added 
were  denser  than  the  1:2:4  mixture.  The  additions  of  large  stone 
probably  resulted  in  a  reduction  of  void  space,  in  which  case  part 
of  the  cement  which  previously  acted  as  void  filler  would  be  avail- 
able for  coating  the  surfaces  of  the  added  stone.  The  results  of 
compression  tests  of  Table  27  are  shown  diagrammatically  in 
Fig.  30. 

Since  the  mixture  in  which  the  ratio  of  cement  to  total  aggre- 
gate was  as  1 :  10  had  as  high  a  compressive  strength  as  the  1 :6 
mixture  it  would  seem  that  the  density  of  the  former  must  neces- 
sarily have  been  greater  than  that  of  the  latter.  These  results 
suggest  the  possible  economy  of  testing  aggregates  before  using 
in  work  of  magnitude. 

It  is  of  interest  to  note  that  in  the  case  of  every  aggregate  tested 
greater  density  was  obtained  with  the  mixtures  in  which  the  ratio 
of  cement  to  total  aggregate  was  as  1  to  9  than  with  the  1  to  6 
mixtures,  but  the  maximum  strength  was  in  every  case  obtained 
with  the  1  to  6  mixtures. 
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(F)  Quality  as  Affected  by  Method  of  Storage. — The  nor- 
mal method  of  storage  of  concrete,  or  normal  conditions  under 
which  the  process  of  hardening  takes  place,  is  exposure  to  the 
air,  with  occasional  sprinkling  in  some  cases,  at  early  periods. 
Often  the  concrete  in  the  interior  of  a  building  is  allowed  to  harden 
without  any  treatment  after  the  forms  are  removed  and  as  a  result 
the  water  which  is  required  to  insure  maximum  strength  may  be 
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Fig.  30. — Effect  of  size  of  aggregate  on  the  compressive  strength.  Aggregate  larger  than 
normally  used  zvas  added  to  concrete  mixtures.  Stored  in  air  under  cover.  Sprinkled 
twice  daily.  Tested  when  30  days'  old.  (Test  pieces:  S=i4-inch  cubes,  R=8  by  16 
inch  cylinders.     See  Table  27) 

lost  by  evaporation.  The  rate  of  drying  in  structures,  however, 
may  be  less  than  would  usually  be  found  in  test  specimens  due  to 
the  larger  masses  of  the  concrete  in  the  forms. 

In  Tables  19  and  28  are  included  the  results  of  several  series  of 
tests  in  which  the  method  of  curing  was  varied. 

In  the  case  of  the  1:2:4  proportion  containing  Jersey  sand  187 
and  trap  rock  505  (Table  19) ,  one  set  of  cylinders  was  immersed  in 
water  immediately  after  being  deposited  in  the  molds,  a  second 
was  immersed  in  water  after  remaining  24  hours  in  the  damp  room, 
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and  the  third  set  was  immersed  in  water  after  8  weeks  in  the 
damp  room.  At  all  periods  the  specimens  stored  24  hours  before 
immersing  were  the  strongest,  followed  by  those  immersed  imme- 
diately after  molding,  while  those  stored  for  a  long  period  in  the 
damp  room  were  the  weakest. 

Another  parallel  series  was  composed  of  1  part  cement  to  6  parts 
pit-run  gravel  503.  One  set  of  cylinders  were  stored  in  a  damp 
room  for  the  entire  period,  while  the  second  were  immersed  in 
water  after  ageing  four  weeks  in  a  damp  room.  Tests  were  made 
for  periods  up  to  one  year.  At  all  ages  the  test  pieces  stored  in 
the  damp  room  were  the  stronger,  although  the  difference  in 
strength  was  not  great.  Tests  were  made  within  a  few  hours 
after  removal  from  the  water  or  moist  room,  which  accounts  for 
the  fact  that  the  concrete  immersed  in  water  is  the  heaviest.  It 
is  possible  that  a  higher  strength  might  have  been  obtained  in 
the  case  of  the  immersed  specimens  had  they  been  allowed  to 
dry  before  testing  until  in  the  same  condition  as  those  stored 
in  moist  air.  It  is  interesting  to  note  that  the  yield  point  and 
initial  modulus  of  elasticity  of  the  weaker  concrete  is  slightly 
the  greater. 

The  results  given  in  Table  28  are  especially  interesting  in  that 
the  test  pieces  were  cured  under  conditions  very  similar  to  those 
to  which  concrete  in  ordinary  building  construction  is  exposed. 
One  brand  of  cement,  which  met  all  the  requirements  of  the 
United  States  Government  specification,  rather  than  a  typical 
mixture  of  several  brands,  was  used  throughout. 

Series  i,  2,  and  3  of  Table  28  made  up  of  proportions  1:1^:3, 
1:2:4,  and  1 : 2}4 : 5  were  stored  in  the  laboratory  room  and  sprinkled 
daily  for  one  week,  after  which  they  were  exposed  to  changing 
conditions  of  atmospheric  temperature  and  moisture.  Series  4, 
a  1:2:4  mixture,  was  stored  in  a  damp  room  for  four  weeks  and 
sprinkled  occasionally,  then  piled  up  out  of  doors  and  exposed  to 
the  weather. 

A  direct  comparison  can  be  made  between  series  2  and  4  at  the 
ages  of  one  and  three  months,  since  the  same  consistencies  were 
used  in  both  cases.  The  concrete  stored  in  the  moist  atmosphere 
during  the  first  four  weeks  exceeds  the  other  in  strength  about  80 
per  cent  at  both  periods.  It  should  also  be  observed  that  the  con- 
crete of  series  4  made  under  uniform  conditions  in  the  laboratory 
has  a  strength  of  only  1834  pounds  per  square  inch  at  the  end  of 
four  weeks,  and  that  of  series  2,  stored  under  conditions  common 
17153°— 16 5 
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in  building  construction,  shows  a  strength  of  only  1 1 76  pounds  per 
square  inch.  This  would  indicate  that  the  factor  of  safety  com- 
monly used  in  the  design  of  reinforced  concrete  under  this  condi- 
tion, calculating  on  the  basis  of  ultimate  strength,  may  be  nearer 
two  than  four,  and  under  conditions  of  full  calculated  load  the 
concrete  may  be  stressed  nearly  to  the  yield  point.  Even  the 
i:iX*3  mixture  of  series  1  does  not  attain  a  strength  of  over 
2000  pounds  before  the  three-month  period,  so  that  the  common 
assumption  that  a  well-fabricated  1:2:4  concrete  will  have  a  com- 
pressive strength  of  2000  pounds  at  the  end  of  four  weeks  under 
normal  field  conditions  can  not  always  be  considered  a  safe 
assumption. 

The  effect  of  difference  in  exposure  during  the  early  hardening 
period  is  further  shown  by  the  results  of  Table  29.  Twelve  test 
pieces  were  stored  in  a  damp  closet  and  1 2  in  the  open  air,  exposed 
to  the  sun  and  wind.  At  28  days  the  strength  of  the  damp-closet 
specimens  was  approximately  25  per  cent  in  excess  of  those  stored 
in  the  open,  although  both  exceeded  the  commonly  assumed  value 
of  2000  pounds  per  square  inch. 

The  character  of  the  exposure  of  concrete  after  molding  materi- 
ally affects  its  strength. 

(G)  Quality  as  Affected  by  Abnormal  Methods  of  Cur- 
ing.— The  results  of  tests  shown  in  Table  30  are  of  especial  interest 
to  manufacturers  in  the  concrete-products  industry,  such  as  tile 
and  block  makers.  In  these  industries  the  amount  of  floor  and 
storage  space  can  be  greatly  reduced  by  shortening  the  necessary 
time  of  curing.  Briefly,  the  results  show  that  up  to  80  pounds 
per  square  inch  gauge  pressure  steam  has  an  accelerating  action 
on  the  hardening  of  Portland  cement  mortar  and  that  the  com- 
pressive strength  increases  with  the  steam  pressure  as  well  as  with 
the  time  of  exposure  to  steam.  A  compressive  strength  consider- 
ably (in  some  cases  over  100  per  cent)  in  excess  of  that  obtained 
normally  after  aging  for  six  weeks  may  be  obtained  in  two  days 
by  using  steam  under  pressure  for  curing.  Furthermore,  the 
steam  permanently  accelerates  the  hardening  of  the  concrete  which 
subsequently  increases  in  compressive  strength  with  age  upon 
exposure  to  the  atmosphere.  The  tests  above  quoted,  along  with 
others  which  have  been  made,  lead  to  the  following  conclusions  in 
addition  to  the  facts  noted  above : 

The  steam-cured  mortar  or  concrete  is  of  much  more  uniform 
appearance  and  is  made  lighter  in  color  than  normally  aged  mortar 
or  concrete  made  from  the  same  materials. 
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The  mortar  or  concrete  should  obtain  an  initial  set  before  it  is 
exposed  to  the  steam  treatment. 

For  steam  curing  a  "plastic"  or  " quaking"  consistency  is 
preferable  to  a  very  dry  or  very  wet  consistency. 

The  initial  modulus  of  elasticity  and  the  yield  point  of  the 
mortar  appear  to  increase  directly  with  the  duration  of  the  steam 
treatment. 

The  initial  modulus  of  elasticity  and  yield  point  appear  to 
increase  directly  with  the  steam  pressure. 

The  compressive  strength  obtained  by  steam  curing  is  directly 
proportional  to  the  cement  content  of  the  mortar. 

The  above  tests  were  made  on  Portland  cement  mortars,  but  it 
has  been  found  that  the  same  conclusions  apply  to  concretes.  As 
an  example  a  set  of  concrete  cylinders  was  made  up  of  1  part 
Portland  cement  to  3  parts  sand  to  6  parts  limestone.  They  were 
then  placed  in  moist  air  for  the  first  24  hours,  obtaining  an  initial 
set,  after  which  they  were  exposed  to  a  steam  pressure  of  80 
pounds  for  24  hours.  They  were  tested  directly  after  taking  from 
the  steam,  being  two  days  old,  and  had  an  average  ultimate 
strength  in  compression  of  2455  pounds  per  square  inch. 

As  stated  above,  the  combined  action  of  the  heat  and  moisture 
in  the  steam  greatly  accelerates  the  hardening  process  and  causes 
the  material  to  gain  a  strength  at  the  end  of  two  days  which  is  in 
excess  of  that  normally  attained  in  four  or  six  weeks. 

(H)  Quality  as  Affected  by  the  Characteristics  of  the 
Aggregate. — In  making  a  study  of  any  aggregate  to  determine 
its  probable  value  as  a  constituent  of  concrere  it  is  customary  to 
make  a  number  of  tests  of  which  probably  the  following  are  con- 
sidered fundamental  and  are  in  most  general  use:  (a)  Weight  per 
cubic  foot;  (b)  density  or  percentage  of  voids;  (c)  gradation  of 
particles  (granular  analysis). 

(a)  Weight  Per  Cubic  Foot. — The  weight  per  cubic  foot  of  an 
aggregate  depends  upon  a  number  of  conditions,  such  as  the 
specific  gravity,  the  shape  of  the  particles,  the  amount  of  moisture 
in  the  mass,  the  size  and  shape  of  the  vessel  used  for  this  determi- 
nation, and  the  manner  or  process  used  in  filling  the  vessel. 
Because  of  these  several  variables  it  is  difficult  to  check  the  deter- 
minations made  in  different  laboratories  unless  some  uniform  pro- 
cedure is  followed.  However,  the  results  of  Table  1  are  directly 
comparable,  since  the  method  of  making  this  determination  was 
standardized. 
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The  range  of  values  shown  varies  from  90  to  120  pounds,  being 
especially  great  among  the  bank-run  gravels,  while  the  weights 
of  the  granites  appear  unusually  low.  The  results  of  tests  given 
in  the  preceding  tables  show  that  the  weight  per  cubic  foot  of  the 
aggregate  is  no  indication  or  measure,  within  the  extreme  ranges  of 
values  found  in  this  investigation,  of  the  quality  of  a  material  as  a 
concrete  aggregate,  although  it  is  necessary  that  this  value  be 
known  for  use  in  accurate  proportioning. 

(b)  Density. — In  Table  1  a  comparison  of  the  results  of  the  void 
or  density  tests  indicates  that,  for  the  materials  tested,  the  amount 
of  voids  was  greater  in  the  limestones  than  in  the  gravels  in  most 
cases.  The  relative  amount  of  void  space  apparently  bears  little 
relation  to  the  resulting  strength,  a  number  of  aggregates  with 
high  precentages  of  voids  showing  very  good  results  in  the  strength 
tests.  Since  it  is  the  function  of  the  sand  to  fill  the  voids  in  the 
coarse  aggregate,  a  high  or  low  percentage  of  voids  has  no  direct 
connection  with  the  strength  of  the  resulting  concrete,  but  it 
would  appear  that  the  quantity  of  sand  required  would  necessarily 
vary  with  the  void  space.  However,  since  an  increase  in  the  num- 
ber of  particles  in  a  given  volume  is  accompanied  by  increased 
surface  area  which  must  be  coated  with  cement,  coarse  aggregate 
having  the  smaller  void  space  might  be  preferred,  with  all  other 
conditions  equal. 

Since  the  void  space  of  the  individual  particles  of  most  coarse 
aggregates  as  compared  with  the  mortars  in  which  they  are  used 
may  be  considered  as  zero  and  the  density  of  these  individual 
particles  as  compared  with  the  density  of  the  mortar  may  be 
considered  as  1. 00,  the  density  of  the  concrete  obtained  by  mixing 
the  coarse  aggregate  with  the  mortar  will  be  greatest  when  the 
maximum  quantity  of  aggregate  is  used,  which  will  not  have 
interspace  in  the  compacted  form  greater  than  the  total  volume 
of  mortar. 

For  example,  if  we  have  1  cubic  foot  of  mortar  similar  to  the 
mortar  obtained  with  sand  1 72,  Table  4  in  the  1  to  3  mixture,  whose 
density  is  0.676,  and  replace  60  per  cent  of  the  volume  of  mortar 
in  the  cubic  foot  with  coarse  aggregate  which  has  practically  no 
voids  in  the  individual  particles  in  which  the  mortar  can  enter 
or,  in  other  words,  the  aggregate  has  a  density  of  1 .00,  the  result- 
ing concrete  would  have  a  density  of  0.40X0.676  +  0.60X1.00  = 
0.870. 

This,  of  course,  is  equivalent  to  replacing  0.6  of  a  cubic  foot  of 
the  mortar  with  one  solid  block  of  stone  of  equal  volume.     It 
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probably  would  not  be  possible  to  combine  a  mortar  and  a  coarse 
aggregate  in  such  a  way  as  to  have  the  stone  particles  lie  as  closely 
together  in  the  resulting  concrete  as  they  did  in  a  loose  or  com- 
pacted pile  before  being  mixed  in  the  concrete,  and  therefore  the 
quantity  of  mortar  required  must  always  be  greater  than  the 
actual  void  space  in  a  compacted  volume  of  the  stone  aggregate. 
Furthermore,  there  will  probably  be  some  interspace  between  the 
coarse  aggregate  and  the  mortar  which  will  decrease  the  density, 
and  therefore  the  larger  the  particles  of  coarse  aggregate,  assum- 
ing that  they  are  as  well  graded,  the  greater  will  be  the  density 
of  the  concrete  in  which  they  are  used. 

(c)  Gradation  of  Size  of  Particles. — The  results  given  in  Table 
14  show  the  effect  of  the  combination  of  the  coarse  aggregates 
with  different  sands  in  various  proportions.  In  every  case  the 
proportion  of  cement  to  the  combined  fine  and  coarse  aggre- 
gates was  as  1  to  6  and  1  to  9. 

The  crusher-run  material  of  stone  388,  without  the  addition  of 
sand,  attained  a  strength  at  the  end  of  four  weeks  of  2503  pounds 
per  square  inch  in  the  1:0:6  mixture.  In  the  I'.yZ'.^yi  mixture, 
using  sand  184,  the  strength  obtained  was  2275  pounds,  with 
sand  185,  2248  pounds,  practically  the  same  values.  In  the  1:1:5 
mixture,  using  sand  184,  an  increase  in  the  proportion  of  fine 
material  causes  an  increase  in  strength  to  2530  pounds,  while 
sand  185  shows  a  decrease  to  1987  poimds.  Further  increases  in 
proportion  of  fine  sand  are  accompanied  with  corresponding 
decreased  strengths.  The  addition  of  any  fine  material  seemed 
to  lower  the  strength  with  the  exception  of  sand  184,  whose 
strength  value  in  the  1:1:5  mixture  was  about  the  same  as  that 
of  the  1:0:6  mixture. 

Considering  the  1:9  proportions,  the  maximum  strength  is 
obtained  with  both  sands  in  the  1:1:8  mixture,  and  any  further 
increase  of  fine  material  lowers  the  crushing  strength. 

Stone  251  in  the  proportion  of  1  part  cement  to  6  parts  of  total 
aggregate,  using  sand  183,  obtained  maximum  strength  in  the 
1:2:4  mixture,  while  by  using  fine  material  from  the  same  aggre- 
gate as  a  sand  the  greatest  strength  was  given  by  the  1:1:5  mix- 
ture, but  this  value  was  nearly  800  pounds  lower  than  that 
obtained  with  sand  183.  In  the  proportion  of  1  part  cement  to 
9  parts  of  total  aggregate,  sand  183  in  a  mixture  of  1:2:7  had  a 
compressive  strength  of  1538  pounds  per  square  inch,  while  with 
screenings  of  stone  25iinai:iK-7K  mixture  it  had  a  compressive 
strength  of  1663  pounds  per  square  inch. 


7o 


Technologic  Papers  of  the  Bureau  of  Standards 


Strength  of  Concretes  and  Mortars 


7i 


s->-t 

— 0 

9-C-t 

^*<r^ 

e-t-t 
6-0- 1 

s-t-t 

41 

0 

*  % 

u-a  > 

a  u 
no 

c- 

0 

_    _   -   -   -  -° 

9-0-t 

0 

S-fl 

9-C-t 

'°    T 

4-g- r 

k|! 

e-t-t 

6-O-t 

c-«-t 

t-e-t 

S3 

52~ 

a  a 

a  h 

0         -• 

^0 

0 

s-t-t 

♦-—                    o'' 

g8 

0 

*&         9-C-t 
4-2- C 

o-t-t 

ill 

• 

e     j 

2SS 

CH 

J  c  0 
(.ICO 

"*  ""-O 

c-o-t 

C-€-t 

0^ 

V-2-t 

V 

?»-ft-t 

\ 

s-t-t 

0 

9-O-t 

0 

S-fr-l 

"l  ' 

^^ 

9-C-t 
4-2- 1 
9-t-t 
6-0-t 

0     a 

-.       c 

•i-a  e 

c  0 

■  •> 

rata 

-— — .           °^ 

0 

2-f-t 

c-«-t 

s-t-t 

0" 

0 

9-0-t 

0 

■2* 


^  ± 
3  & 

£   s 


4S     ^ 


>. 

^ 


_s1 


72  Technologic  Papers  of  the  Bureau  of  Standards 

The  above  variable  results  are  also  obtained  with  the  gravel 
concretes;  different  sands  were  required  in  different  proportions 
in  order  to  give  maximum  strength  when  mixed  with  the  same 
coarse  aggregate. 

The  values  obtained  with  gravel  36  and  sand  55  and  additional 
screened  material  from  gravel  36  illustrate  that  the  value  of  two 
sands  can  not  be  determined  by  arbitrarily  assuming  some  one 
proportion  and  using  those  results  as  a  basis  for  selection.  The 
results  from  the  1 12 14  proportion  might  indicate  that  the  natural 
screenings  were  superior  to  sand  183,  but  the  proportion  1:1:5 
gives  the  highest  strength  of  all  for  sand  183  and  a  considerably 
decreased  value  for  the  natural  screenings. 

The  effect  of  gradation  of  size  of  particles  is  even  more  marked 
when  the  same  sand  is  considered  in  combination  with  different 
coarse  aggregates,  as  shown  by  Table  31. 

In  these  results  of  tests  of  limestone  aggregates,  stone  210  gave 
the  lowest  value  in  the  1 :2 14  mixture  while  it  gave  the  second 
highest  when  used  in  the  1:3:6  mixture.  Stone  210  showed  only 
about  20  per  cent  greater  strength  in  the  1:2:4  mixture  than  in 
the  1:3:6  mixture  while  stone  150  showed  over  150  per  cent 
greater  strength. 

Limestone  150  and  gravel  35  both  gave  high  results  and  a  study 
of  their  granular  analyses  given  in  Table  1a  indicates  that  lime- 
stone 150  contained  as  much  fine  material  as  any  of  that  type  of 
aggregate,  while  gravel  35  was  one  of  the  coarsest  of  the  gravels. 
Such  results  as  these  would  indicate  that  strength  does  not  bear  a 
direct  relation  to  gradation  of  the  particles,  independent  of  the 
other  characteristics  of  the  stone. 

The  strength  of  some  of  these  aggregates  when  mixed  in  various 
proportions  is  shown  in  Figs.  31  and  32. 

In  Table  31a  are  shown  the  results  of  compression  tests  on  con- 
crete made  with  the  same  crushed  rock  and  two  sands,  one  of  which 
would  probably  be  condemned  by  visual  inspection  as  being  too 
fine,  41.6  per  cent  passing  the  No.  48  sieve,  and  too  one-sized  to 
be  satisfactory.  At  the  age  of  9  days  the  concrete  made  of  sand 
200  is  slightly  stronger  than  that  made  with  the  beach  sand  201, 
but  at  the  age  of  30  days  the  conditions  are  reversed,  both  concretes 
being  well  above  the  commonly  assumed  standard  of  2000  pounds 
per  square  inch.  The  results  of  the  granular  analysis  of  the  stone, 
trap  rock  508,  show  that  it  contained  very  little  fine  material, 
which  at  least  partially  explains  the  high  results  obtained  with  the 
beach  sand  201.     Such  results  as  these  are  only  further  evidence 
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that  the  visual  inspection  of  a  sand  is  unreliable,  and  that  the  only 
certain  criterion  of  quality  is  to  combine  and  test  the  sand  with 
the  coarse  aggregate  in  the  desired  proportions. 

The  value  of  chats,  zinc  mine  tailings,  as  a  concrete  aggregate 
is  shown  in  Tables  316  and  31c. 

The  results  shown  in  Table  316  represent  tests  of  material 
received  from  Mascot,  Knox  County,  Tenn.  The  results  show 
that  the  "run-of-mine"  product  lacks  sufficient  fine  material  to 
produce  a  dense,  workable  concrete,  although  the  strength  is  prac- 
tically the  same  as  is  obtained  for  stone  or  gravel  concretes.  By 
screening  out  a  portion  of  the  fine  material  and  then  recombining 
with  run-of-mine  material  a  good  quality  concrete  is  obtained. 

The  results  of  tests  on  material  received  from  a  mine  at  Webb 
City,  Mo.,  are  shown  in  Table  31c.  The  strength  compares  favor- 
ably with  those  ordinarily  found  for  concretes  made  of  usual 
commercial  aggregates.  The  values  obtained,  as  for  the  preceding 
series,  show  that  run-of-mine  chats  are  lacking  in  fine  material, 
and  that  regrading  is  necessary  to  produce  a  concrete  which  can 
be  placed  in  a  dense  mass,  or  that  it  is  necessary  to  increase  the 
quantity  of  fine  material  by  the  addition  of  particles  smaller  than 
one-fourth  inch. 

Based  upon  the  tests  which  are  included  in  the  two  tables,  it  can 
be  stated  that  chats  are  suitable  for  use  in  concrete,  although  it 
may  be  necessary  to  screen  and  recombine  the  aggregate  to  obtain 
a  workable  dense  mixture,  depending  upon  the  characteristics  of 
the  particular  material. 

The  granular  analyses  of  a  number  of  the  concretes  used  in  the 
cube  tests  are  shown  in  Figs.  33  to  36.  The  so-called  curve  of 
maximum  density  is  included  for  comparison.  It  is  possible  that 
a  separation  of  the  aggregate  in  various  sizes  and  recombining  so  as 
to  more  nearly  approach  these  curves  would  have  resulted  in  con- 
cretes of  greater  strength  than  are  shown  in  these  tests,  but  it 
must  be  admitted  that  some  very  strong  concrete  was  produced 
in  which  there  is  little  similarity  between  the  so-called  theoretical 
and  actual  granular  curves. 

In  Figs.  37  to  39  are  shown  the  gramilar  analysis  curves  of 
several  of  the  concretes  included  in  Tables  26  and  27.  The  results 
of  density  and  compressive  strength  tests  are  included  for  com- 
parison. 

It  will  be  observed  that  in  some  cases,  as  in  Fig.  39,  with  a 
number  of  combinations  of  the  same  aggregates  the  mixture 
giving  the  maximum  strength  has  a  granular  analysis  curve  differ- 
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Fig.  33. — Relation  of  granular  analysis  and  compressive  strength  to  Fuller's  "theoret- 
ical curve  of  maximum  density."    {Test  pieces  ,6-inch  cubes.    See  Tables  I,  la,  and  Ij) 
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Fig.  34. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to  Fuller's  "theoretical 
curve  of  maximum  density."     {Test  pieces,  6-inch  cubes.     See  Tables  1,  la,  and  15) 
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Fig.  35. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to  Fuller's  "theo- 
retical curve  of  maximum  density."     {Test  pieces,  6-inch  cubes.     See  Tables  I,  la,  and  15) 
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Fig.  36. — Relation  of  granular  analysis  and  compressive  strength  of  concrete 
to  Fuller's  "  theoretical  curve  of  maximum  density."  (Test  pieces,  6-inch 
cubes.    See  Tables  I,  ia,  and  15) 
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Fig.  37. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to 
Fuller's  "theoretical  curve  of  maximum  density."  {Test  pieces,  8  by  16  inch 
cylinders.     See  Table  26) 
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Fig.  38. — Relation  of  granular  analysis  and  compressive  strength  of  concrete  to 
Fuller's  "  theoretical  curve  of  maximum  density."  {Test  pieces,  8  by  16  inch 
cylinders.     See  Table  26) 
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ing  most  widely  from  Fuller's  theoretical  curve.  No  single  curve 
can  be  selected  which  represents  a  combination  giving  maximum 
density  and  strength  for  all  the  materials  included  in  these 
diagrams. 

The  results  of  a  number  of  tests  in  which  one  material  was  com- 
bined in  various  ways  and  in  several  proportions  with  cement  are 
given  in  Table  32. 

Unfortunately  the  granular  analysis  of  the  aggregate  is  not 
available,  but  it  is  of  interest  to  note  that  the  pit-run  material 
had  practically  as  high  a  strength  as  any  of  the  combinations. 
Referring  to  results  of  tests  in  Table  14,  1:2  14  proportion  of  aggre- 
gate 307  with  sand  183,  and  Table  19,  1:2 14  proportion  of  aggregate 
505  with  sand  188,  they  both  have  approximately  the  same 
strength,  although  in  the  case  of  one  of  the  mixtures  40  per  cent 
passed  the  No.  50  sieve  and  of  the  other  only  20  per  cent  passed 
this  sieve. 

A  further  illustration  of  the  use  of  a  very  fine  sand  which  gives 
satisfactory  results  in  a  concrete  is  shown  by  the  following,  in 
which  sand  202  is  combined  with  gravel  504,  in  a  1 12  4  concrete 
and  tested  at  the  ages  of  7  and  28  days.  Each  result  is  the  aver- 
age of  tests  of  two  8  by  1 6  inch  cylinders. 

Age  7  days,  ultimate  compressive  stress  1390  pounds  per  square  inch. 
Age  28  days,  ultimate  compressive  stress  1994  pounds  per  square  inch. 

One  of  the  most  elaborate  theories  advanced  for  the  scientific 
proportioning  of  concrete  to  obtain  maximum  strength  is  based 
upon  the  results  of  an  investigation  in  which  a  number  of  aggre- 
gates were  separated  into  different  sizes  and  recombined  in  various 
proportions.  The  fine  and  coarse  aggregate  are  screened  into 
various  sizes,  the  more  the  better,  and  then  recombined  in  such  a 
manner  that  the  granular  analysis  of  the  resulting  concrete  will 
give  results  which,  when  plotted,  will  closely  fit  a  curve,  a  combi- 
nation of  ellipse  and  straight  line,  called  by  the  authors,  Fuller  and 
Thompson,  the  curve  of  maximum  density  and  strength.5  The  so- 
called  theoretical  curve  used  in  this  process  may  be  correct  for  the 
aggregates  used  in  the  experiments.  The  principles  may  apply  to 
other  materials  if  graded  as  recommended,  but  sufficient  data  are 
not  included  in  the  authors'  paper  to  make  this  empirical  curve  of 
general  application. 

Materials  are  seldom  found  in  nature  combined  so  as  to  have  a 
gradation  similar  to  that  recommended,  and  a  study  of  the  results 

5  Trans,  of  A.  S.  of  C.  E.,  March,  1907,  p.  222. 
17153°— 16 6 
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included  in  this  paper  does  not  show  that  materials  having  a  gra- 
dation approaching  this  curve  are  in  any  way  preferable.  The 
many  results  reported  in  this  paper  would  tend  to  disprove  the 
authors'  contention  that  the  maximum  density  for  any  aggregate 
has  a  gradation  which  when  plotted  approaches  the  curve  they 
suggest,  regardless  of  shape  of  particles.  For  example,  if  we  con- 
sider an  exaggerated  case  and  assume  a  coarse  aggregate  of  exact 
cubical  form  and  uniform  size,  the  maximum  density  would  be 
obtained  if  this  were  combined  with  just  sufficient  cement  to  coat 
the  surfaces  and  bind  them  together  without  any  material  of  inter- 
mediate size.  The  finer  and  more  uniform  this  cementing  material 
is  in  size  the  greater  the  density  of  such  a  mixture.  For  mixtures 
of  cubical  or  angular  materials  of  various  sizes  and  gradations  the 
maximum  density  will  depend  upon  the  relative  shape  of  the 
particles  of  each  size,  as  well  as  other  factors.  It  is  generally 
recognized  in  practice  that  gravel  concretes  flow  into  place  with 
more  ease  than  stone  concretes,  which  is  probably  due  to  the  shape 
of  the  particles. 

Maximum  density  is  obtained  when  the  particles  lie  as  close 
together  as  is  possible,  which  depends  upon  the  shape  of  particles, 
relative  shape  of  particles  of  various  sizes,  the  proportionate 
quantity  of  each  size,  the  readiness  with  which  the  materials  com- 
pact, the  method  of  mixing,  the  quantity  of  water  used  in  mixing, 
the  method  employed  in  placing  in  forms,  etc.  Therefore  every 
aggregate  or  combination  of  aggregates  will  have  its  own  maximum 
density  curve  and  no  one  curve  can  be  used  for  combining  dissimilar 
materials  even  of  the  same  type.  This  statement  is  verified  by  the 
many  tests  included  in  this  paper  as  well  as  by  the  results  obtained 
by  other  investigators. 

(I)  Quality  as  Affected  by  the  Proportions  of  Cement 
to  Aggregate. — A  study  of  any  of  the  groups  of  tests  included  in 
the  preceding  tables  shows  that  there  is  a  definite  relation  between 
the  compressive  strength  and  the  proportion  of  cement  to  total 
aggregate.  The  strength  varies  in  the  same  manner,  although  not 
in  the  same  proportion,  as  the  cement  content  in  the  mixture. 
This  relation  only  holds  true  for  any  one  combination  of  coarse  and 
fine  aggregate,  and  any  change  in  gradation  of  total  aggregate  may 
affect  the  strength  so  as  to  neutralize  the  effect  of  change  in  the 
cement  content. 

In  Table  33  are  given  the  results  of  tests  of  two  aggregates,  gravel 
and  limestone,  in  which  the  proportions  of  fine  and  coarse  aggre- 
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gate  remain  constant  and  the  cement  content  varies  from  33.3  per 
cent  to  8.3  per  cent  of  the  total  aggregate.  The  compressive 
strength  yield  point,  modulus  of  elasticity,  and  weight  per  cubic 
foot  all  increase  directly  with  the  increase  in  content  of  cement. 
In  Table  34  are  given  the  relative  strengths  of  a  number  of  aggre- 
gates in  various  proportions,  which  further  show  that  the  com- 
pressive strength  is  increased  as  the  relative  quantity  of  cement  is 
increased  in  any  one  combination  of  aggregates.  These  results  also 
show  that  with  the  proportion  of  cement  fixed  the  compressive 
strength  may  be  increased  or  decreased  by  varying  the  relative 
proportions  of  fine  and  coarse  aggregate.  The  correct  proportions 
for  maximum  strength  can  only  be  determined  by  trial. 

Table  35  contains  the  weight  per  cubic  foot  of  several  concretes, 
showing  the  effect  of  variation  in  the  consistency,  variation  in  the 
ratio  of  cement  to  the  same  total  aggregate,  and  the  relation  of 
density  and  weight  per  cubic  foot  for  different  proportions  of  the 
same  materials.  The  results  in  this  table  show  that  the  quaking 
consistency  gives  a  heavier  concrete  than  the  mushy  or  fluid  con- 
sistencies. The  weight  per  cubic  foot  of  concrete  decreases 
directly  as  the  proportion  of  cement  to  the  same  total  aggregate 
decreases. 

The  lower  group  of  results  show  that  the  weight  per  cubic  foot 
of  concrete  does  not  bear  a  direct  relation  to  the  density  when  the 
relative  proportions  of  fine  and  coarse  particles  are  varied,  even 
though  the  proportion  of  cement  to  total  aggregate  is  the  same. 
The  results  with  stone  388  and  sand  185  appear  to  show  a  definite 
relation  between  density  and  weight  per  cubic  foot,  but  reference 
to  Table  1  will  show  that  this  is  due  to  the  low  specific  gravity  and 
weight  per  cubic  foot  of  sand  185. 

(J)  Quality  as  Affected  by  the  Age  of  Concrete. — Many 
of  the  preceding  tables  contain  results  of  tests  of  the  same  concretes 
at  various  ages  extending  up  to  one  and  in  some  cases  two  years. 

With  very  few  exceptions  there  is  a  direct  increase  in  strength 
of  all  concretes  with  age.  The  rates  of  increase  depend  upon  a 
number  of  factors,  such  as  the  rate  of  hardening  of  the  cement, 
the  consistency  of  the  mix,  method  of  mixing  and  molding,  curing, 
character  of  aggregate,  etc.,  and  therefore  no  general  equation 
can  be  written  to  express  the  rate  of  increase  in  strength,  as  it 
will  vary  for  every  batch  of  concrete  in  which  the  above  factors 
vary. 

Tables  36  to  38  contain  the  results  of  tests  of  concrete  at 
various  ages,  with  several  different  aggregates.     The  results  given 
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Fig.  40. — Variation  of  yield  point  in  compression  with  age  of  1-2-4  concretes  made  with 
limestone,  gravel,  granite,  and  cinder  aggregates  with  the  same  sand.  {Test  pieces, 
8  by  16  inch  cylinders.     See  Tables  8  and  36) 
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Fig.  41. — Variation  of  initial  modulus  of  elasticity  in  compression  with  age  of  1-2-4 
concretes  made  with  limestone,  granite,  gravel,  and  cinder  aggregates  with  the  same  sand. 
{Test  pieces,  8  by  16  inch  cylinders.     See  Tables  8  and  36) 
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in  Table  36  show  a  progressive  increase  in  compressive  strength 
from  2  days  to  14  days.  In  every  case  at  7  days  the  com- 
pressive strength  is  in  excess  of  700  pounds,  but  the  yield  point  is 
only  140  pounds  in  the  case  of  cinder  concrete,  and  slightly  above 
400  pounds  for  the  other  aggregates.     Figs.  40  to  42  show  the 
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Fig.  42. — Variation  of  ultimate  compressive  strength  with  age  of  1-2-4  concretes  made 
with  limestone,  granite,  gravel,  and  cinder  aggregates  with  the  same  sand.  {Test  pieces, 
8  by  16  inch  cylinders.     See  Tables  8  and  36) 

relation  of  compressive  strength,  yield  point,  and  modulus  of 
elasticity  to  age  for  periods  ranging  from  two  days  to  two  years. 
These  curves  show  in  a  general  way  the  rate  of  increase  in  strength 
with  age  for  mixtures  similar  to  those  included  in  the  test,  but 
they  should  not  be  considered  representative  of  all  mixtures  or 
for  all  materials. 

VI.  SUMMARY 
1.  PORTLAND  CEMENT  MORTAR  MIXTURES 

Sands  as  a  type  of  fine  aggregate  can  not  be  said  to  be  superior 
to  limestone  screenings. 

The  proper  gradation  of  the  fine  aggregate  for  maximum  strength 
in  a  mortar  appears  to  vary  for  different  materials. 

The  results  of  the  tests  of  the  mortars  included  in  this  paper 
would  indicate  that  for  most  materials  the  highest  strengths  are 
obtained  with  those  having  a  gradation  of  particles  approaching 
a  straight  line.  There  are  materials,  however,  which  have  a 
gradation  varying  widely  from  a  straight  line  which  give  high 
strength  in  mortars. 

The  quality  of  a  sand  can  not  be  judged  from  its  gradation 
alone.     Any  limitation  arbitrarily  placed  upon  the  proportions  of 
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the  particles  of  various  sizes  will  probably  eliminate  some  very 
satisfactory  materials. 

No  fine  aggregate  should  be  rejected  because  of  its  "  silt "  content 
determined  by  washing  or  assuming  the  material  passing  the  No. 
200  sieve  as  silt,  as  it  may  be  advantageous  even  in  relatively 
large  quantities  or  detrimental  in  small  quantities  depending  upon 
its  form,  character,  and  distribution. 

Mortars  having  high  density  usually  have  high  strength. 

The  quality  of  sands  to  be  used  in  cement  mortars  can  not  be 
determined  from  their  "uniformity  coefficients/' 

There  is  no  difference  in  the  strength  developed  by  rounded 
and  sharp-grained  sands. 

The  quality  of  sands  can  not  be  determined  from  their  specific 
gravity  and  porosity. 

The  only  satisfactory  method  of  determining  the  value  of  a  fine 
aggregate  in  mortar  mixtures  is  to  test  it  in  the  mixture  in  the 
proportion  to  be  used,  exposed  to  the  same  conditions  as  in  the 
proposed  structure. 

Common  usage  has  demonstrated  that  certain  sands  are  satis- 
factory and  therefore  no  tests  of  these  materials  are  necessary  ex- 
cepting to  identify  them. 

The  relative  value  of  several  fine  aggregates  to  be  used  in  con- 
crete can  not  be  determined  by  testing  them  in  mortar  mixtures, 
They  must  be  tested  in  the  combined  state  with  the  coarse 
aggregate. 

Several  curves  are  given  in  Fig.  43  showing  the  general  effect 
on  the  compressive  strength  of  variation  of  one  of  the  factors  in 
the  process  of  fabrication  of  mortars.  The  diagrams  are  intended 
to  show  the  general  effect,  and  the  values  given  should  not  be 
interpreted  as  showing  a  positive  relation  for  any  specific  aggre- 
gate or  mixture. 

In  practice  the  variation  might  be  greater  or  less  than  that 
shown  in  the  curves,  depending  upon  specific  conditions  and 
materials. 

2.  PORTLAND  CEMENT  CONCRETE  MIXTURES 

The  general  effect  on  the  compressive  strength  of  variation  of 
the  several  factors  entering  into  the  fabrication  of  concrete  is 
shown  graphically  in  Fig.  44.  The  diagrams  are  intended  to 
show  the  trend  or  general  effect  of  each  factor  concerned  in  the 
fabrication  of  concrete  in  a  similar  manner  to  those  of  Fig.  43,  and 
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the  values  given  should  not  be  interpreted  as  showing  positive 
relations  applicable  to  all  materials  and  conditions. 

(A)  Relation  of  Type;  of  Aggregate  to  Compressive 
Strength. — No  type  of  gravel  or  stone  aggregate  can  be  said  to 
be  generally  superior  to  any  other  type  used  as  coarse  aggregate 
in  concrete  mixtures.  Certain  limestones  are  superior  to  certain 
gravels,  and  some  gravels  are  better  than  other  limestones. 
The  range  of  qualities  in  any  of  these  types  is  very  great  and  the 
strengths  of  concretes  made  up  of  several  different  materials  of 
the  same  type  may  vary  as  much  as  several  hundred  per  cent 
with  all  other  controllable  factors  uniform. 

(B)  Relation  op  Workmanship  to  Compressive  Strength. — 
Undoubtedly  greater  uniformity  is  generally  obtained  by  machine 
mixing  than  by  hand  mixing.  The  method  of  mixing  is  of  little 
importance  so  long  as  it  results  in  a  homogeneous  mass.  Using 
proper  methods  and  with  the  expenditure  of  sufficient  labor, 
results  indicate  that  as  good  concrete  can  be  obtained  by  hand 
mixing  as  by  machine  mixing,  although  it  probably  would  not 
be  economical. 

With  all  other  factors  constant  the  results  included  in  this 
paper  show  that  differences  in  manipulation  of  the  mixture  by 
the  workmen  of  several  experienced  concrete  contractors  may 
cause  a  maximum  average  variation  in  the  compressive  strength 
of  the  resulting  concrete  of  70  per  cent  or  more. 

(C)  Relation  of  Consistency  of  Mixture  to  Compressive 
Strength. — The  quantity  of  water  added  to  the  mixture  in  pre- 
paring concrete  affects  materially  the  compressive  strength  at  all 
ages.  With  the  proper  quantity  of  water  the  strength  may  be 
several  hundred  per  cent  greater  than  that  obtained  with  a  large 
excess  of  water. 

The  most  satisfactory  consistency  from  the  standpoint  of 
strength  and  durability  is  a  quaking  or  mushy  mixture,  and  the 
error  should  be  on  the  side  of  using  too  little  rather  than  too  much 
water,  providing  it  is  properly  spaded  or  worked  into  place  in  the 
forms.  This  statement  does  not  apply  to  the  very  dry  mixtures 
used  in  the  manufacture  of  concrete  blocks,  etc.  In  the  case  of 
these  products  the  mixture  should  contain  the  maximum  quan- 
tity of  water  which  will  permit  of  the  immediate  removal  of  the 
molds.  This  latter  mixture  has  less  water  than  the  quaking  con- 
sistency described  above. 

(D)  Relation  of  Density  to  Compressive  Strength. — 
With  the  same  aggregates  and  the  same  proportion  of  cement  to 
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total  volume  of  aggregate  the  mixture  having  the  greatest  density 
will  have  a  high  and  usually  the  highest  compressive  strength. 

Density  is  no  criterion  of  compressive  strength  of  two  mixtures 
of  an  aggregate  if  the  ratio  of  cement  to  total  volume  of  aggregate 
is  not  the  same. 

Density  is  no  criterion  of  compressive  strength  of  two  mix- 
tures of  the  same  proportions  of  cement  to  total  aggregate  if 
different  aggregates  are  used,  although  when  the  aggregates  are 
quite  similar  they  may  be  comparable. 

(E)  Effect  of  Various  Exposures  on  Compressive 
Strength. — The  character  of  the  exposure  of  the  concrete  after 
molding  materially  affects  its  compressive  strength.  If  the 
original  water  is  permitted  to  evaporate  from  the  concrete  and 
all  water  is  subsequently  excluded,  the  compressive  strength  may 
be  reduced  40  per  cent  or  more.  Concrete  should  preferably  be 
kept  wet  for  several  days  or -weeks  after  it  is  deposited  if  the 
maximum  strength  is  to  be  attained. 

(F)  Effect  of  Exposure  to  Steam  on  Compressive 
Strength. — Steam  greatly  accelerates  the  hardening  process  and 
will  increase  the  strength  of  concrete  only  a  few  days  old  by 
several  hundred  per  cent,  depending  on  the  temperature  and  dura- 
tion of  exposure. 

(G)  Relation  of  Gradation  of  Aggregate  to  Compressive 
Strength. — There  is  no  definite  relation  between  the  gradation 
of  the  aggregate  and  the  compressive  strength  which  is  applicable 
to  any  considerable  number  of  different  aggregates. 

The  gradation  curve  for  maximum  compressive  strength,  which 
is  usually  the  same  as  for  maximum  density,  differs  for  each 
aggregate. 

The  so-called  maximum  density  curve,  which  is  a  combination 
of  the  straight  line  and  ellipse,  does  not  represent  the  curve  for 
maximum  density  excepting  for  the  particular  materials  used  in 
the  tests  from  which  it  was  derived,  or  very  similar  materials. 

No  equation  for  a  gradation  curve,  which  can  be  applied  to  a 
number  of  different  aggregates,  can  be  prepared  from  the  results 
included  in  this  paper. 

Maximum  density  and  maximum  strength  are  usually  obtained 
with  a  concrete  in  which  the  ratio  of  fine  to  coarse  aggregate  is  not 
less  than  1  to  3.  This  mixture  is  usually  quite  stiff  and  therefore 
more  difficult  to  handle  than  a  mixture  containing  a  larger  per- 
centage of  fine  aggregate. 
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Excessive  fineness  does  not  necessarily  result  in  a  totally  unsatis- 
factory sand  for  concrete.  A  seashore  sand  having  99  per  cent 
passing  a  50-mesh  sieve,  when  mixed  with  a  good  coarse  aggre- 
gate and  cement,  was  found  to  give  a  satisfactory  concrete. 

(H)  Relation  of  Proportions  to  the  Compressive 
Strength. — With  the  relative  volume  of  fine  and  coarse  aggre- 
gates fixed  the  compressive  strength  of  a  concrete  increases  directly 
as  the  cement  content  but  not  in  a  proportionate  ratio.  An 
increase  in  the  ratio  of  cement  to  total  fine  and  coarse  aggregates 
when  the  relative  proportions  of  the  latter  are  not  fixed  does  not 
necessarily  result  in  an  increase  in  strength.  For  example,  a  con- 
crete mixed  in  the  proportion  of  1  part  cement  to  9  or  10  parts  of 
total  fine  and  coarse  aggregates  combined  so  as  to  give  a  maximum 
density  may  have  greater  strength  than  a  concrete  mixed  in  the 
proportion  of  1  part  cement  to  6  parts  total  of  the  same  fine  and 
coarse  aggregates,  which  are  not  combined  to  give  a  maximum 
density. 

VII.  CONCLUSIONS 

1.  No  standard  of  compressive  strength  can  be  assumed  or 
guaranteed  for  concrete  of  any  particular  proportions  made  with 
any  aggregate  unless  all  the  factors  entering  into  its  fabrication 
are  controlled. 

2.  A  concrete  having  a  desired  compressive  strength  is  not 
necessarily  guaranteed  by  a  specification  requiring  only  the  use 
of  certain  types  of  materials  in  stated  proportions.  Only  a  frac- 
tional part  of  the  desired  strength  may  be  obtained  unless  other 
factors  are  controlled. 

3.  The  compressive  strength  of  a  concrete  is  just  as  much  de- 
pendent upon  other  factors,  such  as  careful  workmanship  and  the 
use  of  the  proper  quantity  of  water  in  mixing  the  concrete,  as  it 
is  upon  the  use  of  the  proper  quantity  of  cement. 

4.  The  compressive  strength  of  concrete  may  be  reduced  by  the 
use  of  an  excess  of  water  in  mixing  to  a  fractional  part  of  that 
which  it  should  attain  with  the  same  materials.  Too  much 
emphasis  can  not  be  placed  upon  the  injurious  effect  of  the  use  of 
excessive  quantities  of  water  in  mixing  concrete. 

5.  The  compressive  strength  of  concrete  may  be  greatly  reduced 
if,  after  fabrication,  it  is  exposed  to  the  sun  and  wind  or  in  any 
relatively  dry  atmosphere  in  which  it  loses  its  moisture  rapidly, 
even  though  suitable  materials  were  used  and  proper  methods  of 
fabrication  employed. 
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6.  The  relative  compressive  strength  of  concretes  to  be  obtained 
from  any  given  materials  can  be  determined  only  by  an  actual 
test  of  those  materials  combined  in  a  concrete. 

7.  Contrary  to  general  practice  and  opinion  the  relative  value 
of  several  fine  aggregates  to  be  used  in  concrete  can  not  be  deter- 
mined by  testing  them  in  mortar  mixtures.  They  must  be  tested 
in  the  combined  state  with  the  coarse  aggregate. 

8.  Contrary  to  general  practice  and  opinion  the  relative  value 
of  several  coarse  aggregates  to  be  used  in  concrete  can  not  be 
determined  by  testing  them  with  a  given  sand  in  one  arbitrarily 
selected  proportion.  They  should  be  tested  in  such  combination 
with  the  fine  aggregate  as  will  give  maximum  density,  assuming 
the  same  ratio  of  cement  to  total  combined  aggregate  in  all  cases. 

9.  No  type  of  aggregate  such  as  granite,  gravel,  or  limestone 
can  be  said  to  be  generally  superior  to  all  other  types.  There 
are  good  and  poor  aggregates  of  each  type. 

10.  By  proper  attention  to  methods  of  fabrication  and  curing, 
aggregates  which  appear  inferior  and  may  be  available  at  the 
site  of  the  work  may  give  as  high  compressive  strength  in  con- 
crete as  the  best  selected  materials  brought  from  a  distance, 
when  the  latter  are  carelessly  or  improperly  used. 

11.  Density  is  a  good  measure  of  the  relative  compressive 
strength  of  several  different  mixtures  of  the  same  aggregates 
with  the  same  proportion  of  cement  to  total  aggregate.  The 
mixture  having  the  highest  density  need  not  necessarily  have  the 
maximum  strength,  but  it  will  have  a  relatively  high  strength. 

12.  Two  concretes  having  the  same  density  but  composed  of 
different  aggregates  may  have  widely  different  compressive 
strength. 

13.  There  is  no  definite  relation  between  the  gradation  of  the 
aggregates  and  the  compressive  strength  of  the  concrete  which  is 
applicable  to  any  considerable  number  of  different  aggregates. 

14.  The  gradation  curve  for  maximum  compressive  strength, 
which  is  usually  the  same  as  for  the  maximum  density,  differs 
for  each  aggregate. 

15.  With  the  relative  volumes  of  fine  and  coarse  aggregate 
fixed,  the  compressive  strength  of  a  concrete  increases  directly, 
but  not  in  a  proportionate  ratio  as  the  cement  content.  An 
increase  in  the  ratio  of  cement  to  total  fine  and  coarse  aggregates 
when  the  relative  proportions  of  the  latter  are  not  fixed  does  not 
necessarily  result  in  an  increase  in  strength,  but  may  give  even  a 
lower  strength. 
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16.  The  compressive  strength  of  concrete  composed  of  given 
materials,  combined  in  definite  proportions  and  fabricated  and 
exposed  under  given  conditions  can  be  determined  only  by  test- 
ing the  concrete  actually  prepared  and  treated  in  the  prescribed 
manner. 

17.  The  results  included  in  this  paper  would  indicate  that  the 
compressive  strength  of  most  concretes,  as  commercially  made, 
can  be  increased  25  to  100  per  cent  or  more  by  employing  rigid 
inspection  which  will  insure  proper  methods  of  fabrication  of  the 
materials. 

Washington,  March  3,  191 5. 
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